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HIGHLIGHT    SUMf-IARY 


The  poor  performance   record  of   compacted  shale   embankments 
has   led   to  the   current  practice   of   thoroughly  degrading  non-durable 
shales   for  placement  as  soil    fill    in  embankments.      Ihe    special  problems 
presented  by  non-durable  but  mechanically  hard  shales  has    increased  the 
in^ortance   of  understanding   shale   degradation   during   compaction.      The 
development  of   laboratory  degradation  tests   could  be   useful   in  estab- 
lishing compaction  and  degradation    functions  which  may   ultimately  be 
related  to  field  compaction. 

Impact  and  static   tests  were  performed  on   three  non-durable 
Indiana  shales   in  this   study.      The   results   from  these   tests   led   to   the 
development  of  a  single   standard  test  procedure  based  on   the   impact 
compaction  method.      The  standard  impact  test  was   then  used  to   analyze 
the  effects   of  initial  gradation,   maximum  aggregate   size,    and  moisture 
on  shale   degradation   and  compacted  density.      Correlations  between   the 
results  of  point  load  strength  tests   and  the   degradation  values   from 
the   standard  impact  test  were   also  established. 


!/€. 


1.   IMTRODUCTIO:? 

The  excessive  settlements  and  failures  of  nany  embankncnts  con- 
structed of  shale  materials  led  to  najor  Investigations  concerning  the 
properties  and  behavior  of  shales.   A  major  slope  failure  vlthin  a 
shale  and  limestone  cnbanknent  along  I-7A  in  Dearborn  County,  Indiana 
led  to  the  initiation  of  an  extensive  shale  research  program  by  the 
Indiana  State  Highway  Commission  through  the  Joint  righway  ?esearch 
Project  at  'urdue  T'niverslty.   Other  investigations  Into  co-npacted 
shale  embankments  were  undertaken  by  the  U.S.-  Amy  Corps  of  Engineers 
Waterways  Experiment  Station.   The  reports  agree  tl^at  the  deterioration 
of  the  shale  due  to  weathering  plays  a  major  role  in  the  poor  perform- 
ance record  of  the  embanknents. 

Durable  shales,  which  can  withstand  the  weathering  processes, 
will  perform  satisfactorily  when  placed  as  rock  fill.   y:on-durable 
shales  however,  must  be  thoroughly  broken  down  during  compaction  and 
placed  as  soil  fill.   Shales  which  arc  mechanically  hard  hut  non-durable 
present  special  problems  relative  to  construction  techniques. 

Current  practices  of  breaking  non-durable  shales  do^m  into  soil 
fill  places  additional  importance  on  understanding  shale  degradation 
during  compaction.   Laboratory  tests  may  he  helpful  in  defining  the 
compaction  and  degradation  functions  of  shales,   ^hese  functions  may 
ultimately  be  related  to  fiel.^  conditions. 


The  work  by  Bailey    (1976)    established  a  basis   for  laboratory 
degradation   tests.      This   study   concentrated  on   the    development  of   a 
single   standard   testing  procedure   and   its    application    to   troublesome 
Indiana  shales. 

In   this    study,    impact   and   static   con^iaction  procedures  were 
evaluated.      The    impact   test   was    selected   as    the    standard  cor^action- 
degradation   test    and  was    used   to    analyze    the   effects   of    initial   sample 
gradation,    maximum  aggregate    size,    and  moisture    on    shale   degradation 
and   compacted  density.      The    standard   impact   test   was    also    considered 
along  with   the   point   load   strength  test    as   a  method  of  predicting   shale 
degradability. 
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2.   REVIEW  OF  SHALES  AS  EMBAr;KMENT  MATERIALS 

2 . 1   Definition  and  Occurrence  of  Shales 
Shales  are  the  most  abundant  of  the  common  sedimentary  materials. 
Although  shales  are  generally  defined  as  argillaceous  sediments  which 
display  fissility,  a  large  number  of  definitions  have  been  developed  (Deo, 
1972).   The  definition  presented  by  Pettijohn  (1957;  and  Underwood  (1967) 
is  that  shale  is  the  more  highly  indurated  and  generally  fissile  equivalent 
of  claystone  and/or  siltstone.   For  the  purposes  of  this  study,  the  defini- 
tion was  expanded  to  include  claystone  and/or  siltstone  so  that  representa- 
tive hard  non-durable  samples^ exhibiting  the  desired  physical  properties, 
could  be  selected  for  laboratory  testing  and  study. 

Shales  and  other  sedimentary  deposits  are  widely  distributed  over 
the  surface  of  the  earth's  crust.   Shales  in  Indiana  range  in  age  from  the 
Ordovician  to  the  Pennsylvanian  periods  and  dominate  the  bedrock  geology 
(Austin,  1975).   A  thick  layer  of  glacial  till  overlying  the  bedrock  often 
prevents  the  exposure  of  the  shales.   As  the  thickness  of  the  till  layer 
decreases  in  the  southern  portions  of  Indiana,  shale  outcroppings  become 
more  frequent  and  may  be  encountered  during  normal  construction  operations. 
Further  discussion  of  the  shale  formations  in  Indiana  are  presented  by 
Harrison  and  Murray  (1964)  and  Austin  (1975). 

2. 2   Significant  Engineering  Properties  of  Shales 
The  basic  definition  provided  by  Pettijohn  (1957)  and  Underwood 
(1967)  includes  shale  materials  with  a  wide  range  of  physical  proper- 
ties.  Mead  (1936)  proposed  a  classification  system  which  divided 


shales   into  two  groups;    compaction   and  cemented  shales.      The   compaction 
shales   are    consolidated  by  the  weight  of  overlying  sediments   and   lack 
significant   amounts  of   intergranular   cementation.      The   cemented  shales 
are   strongly  bonded  by  either  cementing  agents  or  by   re crystallization 
of   the    clay  minerals.      The    compaction   shales   are   generally   softer   and 
more   subject   to   slaking    (a   rapid  disintegration    caused  by   cycles   of 
wetting   and  drying)    than   the    cemented   shales.      The    cemented  shales    are 
harder,    more   durable,    and  may  be    successfully   used   as    rock-like   materi- 
als   in   embankment    construction. 

According  to  Pettijohn    (1957),    the    fissility  exhibited  by 
shales   is    the    result   of  both   the    compaction    and  concomitant    recrystalli- 
zation   during   formation,    and  the   parallel   orientation   of    the   micaceous 
constituents    at   the    time   of   deposition.      Ingram    (195  3)    used   three    dom- 
inant types   of  breaking   characteristics   to  classify  the    fissility   of 
shale   into  massive,    flaggy,    or   flaky   categories.      Massive    shales  have 
no  preferred  direction   of  breaking   and  produce   blocky    fragments.    Flaggy 
shales  break   into   fragments  of  varying  thickness  which  have  much 
greater   lengths   and  widths.      The  pieces  have    two   approximately  parallel 
flat   sides.      The    flaky   shales   split    along   irregular   surfaces   parallel 
to   the  bedding  planes    and  produce    flakes,    thin    chips,    and  wedge-like 

fragments. 

In  addition  to  fissility  a  shale  may  be  laminated.   The  lamina- 
tions may  be  attributed  to:   (1)  alterations  of  coarse  and  fine  parti- 
cles, (2)  alterations  of  light  and  dark  layers  based  on  organic  content, 
(3)  alterations  of  calcium  carbonate  and  silt  (Pettijohn,  1957). 


The  compressivL-  stren^jth  of  shales  may  vary  from  172  kPa  (25  psl)  to 
103400  kPa  (15,000  psi)  (Underwood,  1967).   Although  the  compaction  shales  are 
generally  weaker,  tliey  may  sLill  display  substantial  strength. 

Indiana  shales  can  not  be  described  in  one  general  statement.   The  physi- 
cal properties  and  mineralogies  may  vary  not  only  among  the  different  shale 
units  of  the  various  formations,  but  very  often  also  within  a  local  area,  both 
vertically  and  laterally  within  a  single  formation.   The  variation  in  properties 
is  directly  related  to  the  environments  of  deposition  and  the  provenance  (source 
areas  of  the  sediments  which  made  up  the  shales)  of  the  shale  unit. 

The  younger  shales  of  the  Pennsylvanian  and  upper  Mississippian  Systems 
tend  to  be  basically  non-homogeneous  materials.   The  shales  of  the  lower 
Mississippian  and  older  Systems  tend  to  retain  more  similar  physical  character- 
istics throughout  the  formations. 

Shales  may  also  exhibit  swelling  when  exposed  to  moisture.   Shales  having 
clay  fractions  composed  primarily  of  montraorillonite  and  illite  will  swell  more 
than  shales  with  kaolinite  and  chlorite. 

The  properties  presented  above  are  especially  important  in  the  construction 
of  shale  embankments.   These  and  other  properties  are  discussed  in  detail  by 
Pettijohn  (.1957)  and  Underwood  (1967). 

2 . 3   Problems  Related  to  Compacted  Shale  Embankments 
Road  cuts  for  highways  constructed  in  southern  Indiana  often  encounter 
shale.   Economic  and  environmental  considerations  generally  make  the  use  of  the 
excavated  material  in  nearby  compacted  embankment  sections  more  desirable. 
However,  the  poor  strength  and  durability  characteristics  of  many  shales,  along 
with  inadequate  construction  procedures,  have  resulted  in  several  undesirable 
exneriences  in  compacted  shale  embankments. 

Excessive  settlement  and  slope  failures  of  large  shale  enbank- 
ments  have  occurred  in  several  states  (Chapman  and  Wood,  1974).   A 
major  slope  failure  within  an  embankment  on  1-74  in  Dearborn  County, 
Indiana  occurred  in  December,  1971  and  January,  1972  (Wood,  Lovell  and 


Deo,  1973)  .   The  embankment  had  been  constructed  as  a  rock  fill  using 
a  mixture  of  limestone  and  shale. 

The  embankment  failures  led  to  the  initiation  of  research  and 
development  programs  by  the  Indiana  State  Highway  Commission  through 
the  Joint  Highway  Research  Project  at  Purdue  University  (Wood, 
Sisiliano,  and  Lovell,  1978).   Reports  from  these  studies  have  been 
completed  by  Deo  (1972)  and  Chapman  (1975)  on  the  classification  of 
shales,  Bailey  (1976)  on  shale  compaction  and  degradation  characteris- 
tics, van  Zyl  (1977)  on  the  storage  and  retrieval  of  existing  data  on 
Indiana  shales,  Abeyesekera  (1978)  on  the  shear  strength  parameters  of 
contacted  shales,  and  Witsman  (1979)  on  the  compressibility  of  compacted 

shales. 

In    addition   to    the   work    at    Purdue,    the    U.    S.    .^urmy   Corps   of 
Engineer  Waterways   Experiment    Station    (1975)    conducted   a   three   phase 
shale   research   project    for   the    Federal   Highway   Administration.      Phase    I 
of   the   project  was   devoted   to   a   survey   of   the   problem   areas    and    cur- 
rent practices.      Phase    II    concentrated  on   the   evaluation    and   remedial 
treatment   of   shale   embanl<jnents.      Phase    III    developed   detailed   guide- 
lines   for   the   sampling   and   evaluation   of   shales    and  procedures    for   the 
design   and   construction  of  shale  embankments. 

The   basic   problems  with    Indiana   shales    ar,   embankment  materials 
result    from  either   the   fissility  or  non-durability  of   the    shale. 
Flaggy   or    flaky    shales  may   break    into   slabs   or   platey   fragments   during 
excavation    and   compaction.      The   pieces   may   then   bridge    or   arch   over 
large    spaces    creating    a   series   of    irregularly   occurring    voids   within 
the   embankment.      Changes    in    the   material   properties    or    loading 


conditions  during  the  service  life  of  the  embankment  will  cause  col- 
lapse of  the  openings  resulting  in  substantial  internal  movements  (Vfood, 
Lovell,  and  Deo,  1973). 

The  non-durability  of  shale  is  presently  considered  the  major 
underlying  cause  of  the  embankment  problems  (U.S.  Army  Corps  of 
Engineers  Waterways  Experiment  Station,  1975).   The  slaking  of  shales 
resulting  from  the  wetting  and  drying  cycles  leads  to  the  deterioration 
of  shale  pieces,  reduction  in  material  strength,  and  blockage  of  drair.- 
age  paths.   According  to  Abeyesekera  (1978),  the  changes  in  the  phys- 
ical properties  of  shales  due  to  weathering  will  affect  the  strength 
properties  of  the  entire  mass. 

m  previous  construction  practices,  shales  which  appeared  com- 
petent were  placed  in  large  pieces  as  rock  fills.   Softer  shales  were 
placed  as  soil  fill,  but  the  presence  of  harder  sedimentary  rocks  (lime- 
stone or  sandstone)  prevented  complete  compaction  (Wood,  Lovell,  and 

Deo,  1973)  . 

These  procedures  left  large  voids  within  the  embanJonents.   Dis- 
integration of  the  shale  led  to  collapses  of  the  openings,  a  loss  of 
interlocking  among  the  pieces,  and  disruption  of  drainage  resulting  i.-! 
serious  settlements  and  possible  embankment  failures. 

According  to  Deo  (1972)  shales  which  are  identified  as  non- 
durable or  "soil-like"  should  be  thoroughly  broken  down  during  con- 
struction to  eliminate  the  presence  of  large  voids  within  the  compacted 
mass.   This  approach  is  supported  by  Wood,  L/Ovell,  and  Deo  (1973)  and 
is  presently  used  by  the  Indiana  State  Highway  Commission. 


Soft,   non-durable   shales   generally  do  not  present   a  major  prob- 
lem  for  break   down    during   compaction.      However,    many   shales   in    Indiana 
are   hard   and   difficult   to   degrade    despite    their   lack   of  durability. 
For   these   shales,    special    compaction   procedures   must   be    used   to   in- 
crease   the   probability  of   a   successful   embankment   service    life. 

2.4     The   Importance   of  Shale   Degradation   Tests 
The   policy  of   thoroughly  breaking  down   shales   during  embanknent 
construction   emphasizes    the    importance   of   understar-ding   shale   degrada- 
tion   resulting    from  compaction.      Appropriate    definition   of   the    degrada- 
tion   functions  would  be   most   directly   achieved   through    field   compaction 
tests.      Yet   the   expense    of   field  tests    and   the    limitations   of   present 
knowledge    on   shale   degradation  would   reduce    the   effectiveness   of    any 
major   field  testing  program.      A  standard   compaction-degradation    test 
could  be   used  to  generate  the   degradation    functions   in  the   laboratory 
using   an   assortment   of   compaction   variables.      Ultimately,    the    results 
and  experiences    from   the    laboratory   studies    could  be    coupled  with    field 
compaction   observations.      with   sufficient    data   from  both   laboratory   and 
field  studies,    the  quantitative  prediction   of   shale   degradation  during 
field   compaction   could  be   made    from  the    results   of    laboratory   testing 

only. 

The   work  by  Bailey    (1976)    established    a  basis    for   shale    degrada- 
tion  studies.      He   performed   four   types   of    laboratory   compaction   tests 
on   samples   of   Attica   shale    and   analyzed  the    relationship   between 
degradation,    compactive   effort,    and   unit  weight.      From  these    results, 
Bailey    found  that  both   densif ication    and  degradation    appeared  to  be 
self-limiting   reactions    regardless   of   compactive   effort,   moisture 
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content,  or  initial  gradation.   Bailey  selected  the  static  compaction 
test  from  the  four  laboratory  methods  as  the  most  appropriate  pro- 
cedure for  a  compaction-degradation  index  test. 

In  addition  to  the  compaction  tests,  Bailey  (1376)  investigated 
the  possible  uses  of  the  Scleroscope  hardness  test  and  point  load 
strength  test  as  indices  for  the  engineering  proi^erties  of  shales.   He 
also  performed  long  term  soaking  tests  to  assess  shale  degradation 

caused  by  slaking. 

The  results  reported  by  Bailey  (1976)  encouraged  continued 
study  in  the  area  of  shale  degradation  and  are  reflected  throughout 
this  report.   Using  Bailey's  experiences  as  guidelines,  this  study  was 
devoted  to  the  development  of  a  single  standard  test  procedure  and  the 
application  of  the  test  to  selected,  troublesome  Indiana  shales.   In 
addition  to  the  compaction  tests,  correlations  between  the  point  load 
strength  test  and  degradation  results  were  attempted. 
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3.   DEGRADATION  TEST  PFaDGRAM 

3.1   Guidelines  of  the  Testing  Program 
and  Selection  of  Variables 
The  development  of  a  testing  program  leading  to  a  standard 
degradation  index  test  required  the  consideration  of  a  basic  set  of 
guidelines.   The  list  of  criteria  given  below  provided  guidelines 
either  (a)  essential  to  any  test  or  (b)  especially  suitable  for  the 

testing  of  shales. 

1.  The  test  results  must  be  replicable  within  tolerable  limits. 

2.  Equipment  for  the  test  should  be  available  in  typical  geo- 
technical  laboratories. 

3.  The  test  must  induce  degradation  in  the  sanple. 

4.  The  test  must  differentiate  among  various  shales. 

5.  The  test  should  be  easily  performed  and  accomplished  in  a  short 

period  of  time . 

A  testing  process  which  could  produce  repeatable  results  and 
could  be  performed  in  a  typical  geotechnical  laboratory  would  be  assured 
if  the  above  guidelines  were  followed.   The  criteria  to  induce  degrada- 
tion and  differentiate  among  shales  provided  minimum  limits  for  compac- 
tive  effort  and  eliminated  very  severe  degradation  tests.   Finally,  the 
criteria  for  a  simple  and  quick  test  favored  a  process  which  could  test 
a  large  number  of  samples;  an  important  characteristic  due  to  the 
variability  in  shale  materials. 
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The  degradation  of  a  shale  that  occurs  during  compaction  is 
affected  by  a  nuinber  of  factors.   The  most  evident  factors  are:   the 
type  of  shale,  the  method  of  compaction,  and  the  compactive  effort. 
Other  variables  include,  the  initial  gradation,  maximum  size,  and  irois- 
ture  content. 

To  reflect  the  influence  of  these  variables,  the  testing  program 
included  three  different  shales,  two  methods  of  compaction,  and  a  range 
of  compactive  efforts.   The  initial  gradation,  maximum  size,  and  mois- 
ture content  were  held  constant  for  each  shale  as  a  standard  testing 
procedure  evolved.   The  effects  of  these  variables  were  studied  later 
in  the  testing  program. 

3. 2   Numerical  Representation  of  Gradations 
During  the  compaction  process,  fracturing,  abrasion,  and  mois- 
ture effects  break  down  individual  shale  pieces.   The  result  is  a  com- 
pacted material  with  a  gradation  different  from  that  of  the  uncompacted 
material.   Therefore,  a  measure  of  the  gradation  change  serves  as  an 
indicator  of  the  amount  of  degradation  that  has  occurred. 

Several  methods  may  be  used  to  represent  the  grain  size  distri- 
bution curve  when  plotted  as  percent  finer  by  weight  vs.  a  logarithmic 
scale  of  grain  size  diameter.   Figvire  1  shows  the  use  of  the  grain  size 
distribution  curve  in  representing  the  initial  and  final  gradations  of 
a  compacted  sample.   However,  graphical  methods  are  not  suitable  for 
nijmerical  treatment  and  can  become  cluttered  when  a  large  number  of 
samples  must  be  compared. 

Gradation  coefficients  have  been  developed  to  provide  a  numeri- 
cal value  representing  a  grain  size  curve.   The  "effective  size" 
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coefficient  and  "coefficient  of  uniformity"    developed  by  Allen  Hazen 
have   gained  widespread  use   in   soil   mechanics.      Bailey    (1976)    presented 
an   excellent    review   of   these   and  other   gradation    coefficients. 

Ttie    initial    and   final   gradations   of    a   compacted   sairple    coulc  be 
expressed  in  terms   of  the   gradiation   coefficients.      A   coi!?)arison   or 
ratio  of    the   initial  and   final   coefficients    could  then   represent  the 
change    in   gradation.      However,    since   each   gradation    coefficient   is    a 
ratio  of   aggregate   sizes,    it    is   possible    to   have    different  gradations 
with   identical   coefficient  values.      PJ-so ,    the    coefficients    represent 
only   two   or   three   points   on   the   grain    size    curve.      The   possibility  of 
misrepresentation   and   lack   of   complete    information    restrict   the    use    of 
gradation    coefficients    as   measures   of  degradation. 

The    limitations   of   the    gradation    coefficients    indicate    the   need 
for  numerical   gradation   values   which   reflect   more    coit^lete    information. 
Gradation    indices   provide   methods   of   representation  which   satisfy   this 
need.      By   including  the   percentage   of   a   sample    from  each   of   several 
size   groups,    a  gradation    index    can    accurately   represent   an   entire    grain 
size    curve.      Since    the   actual    aggregate   size    and  weight   percentage    of 
each   size   group   influences   the   index  value,    the    ambiguous  nature    of 
gradation   coefficients   is   avoided. 

The    Index  of   Crushing    (IC)    is   a  gradation   index  based  on   the 
summation   of   the  weighted   fractions   of   several   size    groups.      Aughenbaugh 
et   al.     (1963)    described   the    use   of   the    IC   as    a   measure   of   aggregate 
degradation   during    conpaction.      The   percentage   of   the    san^^le   by  weight 
within   a   size    range    is   multiplied  by   a   factor   equal   to   the   mean   equiva- 
lent mesh   size    of  that    range.      The    suiranation   of    the   val'jes    from  each 
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size  group  represents  one  gradation.   Ttie  actual  TC  value  is  coB^Juted 
as  the  difference  between  the  numerical  representation  of  the  initial 
and  final  gradations  and  expressed  as  a  percentage  of  the  value  from 
the  initial  gradation.   Table  1  shows  an  example  of  the  method  of  cal- 
culating the  IC  used  in  this  study. 

Upon  inspection,  the  calculation  of  the  gradation  values  used 
for  the  IC  shows  a  great  similarity  to  the  calculation  of  the  commonly 
used  mean  or  average  value  in  statistics.   As  explained  by  Harr  (1977) 
the  nean  value  of  grouped  data  (K  groups)  is  taken  as 


K 

E  m.  f. 

i  =  1  ^   ^ 
mean  = 


Z   f. 
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where  m.  is  the  midpoint  and  f.  is  the  frequency  of  group  i.  With 
this  explanation,  the  gradation  values  in  the  IC  represent  the  mea.i  cr 
average  aggregate  size  of  the  initial  and  final  gradations.  The  TC  is 
then  a  measure  of  change  in  the  mean  aggregate  size. 

As  discussed  by  Bailey  (1976)  the  IC  enables  the  comparison  of 
samples  with  dissimilar  initial  gradations.  The  IC  is  based  on  real 
measures  of  aggregate  size  and  weight  percentages.   According  ro  Bailey 

"When  degradation  is  expressed  as  the  percent  change  in 

the  gradation  index,  thus  relating  both  initial  and  final 

conditions,  the  'real'  base  of  the  weighting  factors  allows 

direct  comparison  of  samples  without  the  need  for  scaling 

or  oversize  corrections.   This  enables  degradation  comparisons 

between  small  scale  laboratory  tests  and  actual  field  compaction." 

The  successful  use  of  the  IC  by  Bailey,  the  ability  to  use  the 
IC  for  samples  with  different  initial  gradations,  and  the  concept 
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Table  1.   Method  of  Calculating  the  Index  of  Crushing  (after  Aughenbaugh 

et  al. ,  196  3) 
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B  =  Sum  of  Weighted  Fractions  Before  Con^iaction 
B  =  Sum  of  Weighted  Fractions  After  Compaction 
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Degradation  =  IC  =  -r x  100% 
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of  mean  aggregate  size  led  to  the  use  of  the  IC  aa   the  primary  measure 
of  degradation  for  this  study. 

3.  3  Use  of  the  Aggregate  Size  Distribution 
The  gradation  of  a  material  may  also  be  represented  as  a  dif- 
ferential frequency  distribution  or  histogram  of  aggregate  sizes.   Ihis 
differential  frequency  distribution  displays  the  percent  weight  of  the 
sample  for  each  size  group.   Figure  2  shows  an  exairple  of  the  histogram 
and  the  approximation  to  the  distribution. 

The  differential  frequency  distribution  has  limitations  similar 
to  those  of  the  cumulative  distribution  curve.   Yet,  two  major  features 
make  the  former  a  useful  analytical  tool.   First,  when  the  initial  ar.d 
final  gradations  are  plotted  together  as  aggregate  size  distributions, 
the  changes  in  percent  weight  within  one  size  group  can  be  seen  inunedi- 
ately.   The  comparisons  within  groups  point  out  aggregate  sizes  which 
have  been  affected  most  by  the  compaction  process  and  the  specific  in- 
creases in  finer  aggregates. 

The  second  feature  is  the  ability  to  observe  the  variations  of 
several  sauries  compacted  using  the  same  set  of  variables.   By  compar- 
ing the  results  of  several  samples  within  individual  size  groups,  the 
variation  in  the  results  may  be  localized.   This  information  can  then 
be  used  in  assessing  the  significance  of  the  variability  in  the  compac- 
tion process. 

3. 4  Selection  and  Description  of  Test  Shales 
The  shale  classification  system  developed  by  Deo  (1972)  lists 
four  categories.   Based  on  their  durability,  shales  are  classified  as 
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"roc'-,  like",  "intermediate  \   or  2",  or  'soil  like"  shales.   Through  an 
extensive  testing  program  by  t!ie  Indiana  State  't'.lg'iway  Corxilsslon 
(ISHC)  ,  nearly  all  Indiana  shales  have  been  placed  in  the  soil  llV^c 
category. 

Shales  v;hich  are  difficult  to  break  do-./n  during  compaction  but 
are  nondurable  present  particular  engineering  probler.s  .   For  this 
reason,  the  TSItC  decided  to  concentrate  on  shales  classified  as  coll 
like  which  were  harder  and  more  durable  than  the  weakest  shales  in  the 
soil  like  category.   The  more  durable  of  the  soil  like  shales  were 
characterized  by  a  wet  sample  500  revolution  slake  durability  index  number 
greater  than  40  but  less  than  75. 

Fifteen  shales  previously  sampled  by  the  ISHC  had  slake  dura- 
bility numbers  within  the  desired  range,   "ine  of  the  fifteen  shales 
were  rejected  due  to  lack  of  use  in  roadway  erabanknents  or  sampling 
difficulties.   Samples  of  the  remaining  six  shales  were  readily  avail- 
able and  access  to  the  field  formations  presented  no  problems. 

A  mineralogy  study  using  X-ray  diffraction  analysis  was  per- 
formed on  the  clay  fractions  of  each  of  the  six  shales.   Sample  prepara- 
tion followed  the  procedure  suggested  by  Kinter  and  Diamond  (1955). 
Four  samples  for  each  shale  were  prepared  and  treated  as  follows: 

1.  Air  dried 

2.  Oven  dried  at  550OC 

3.  Treated  with  Glycerol 

4.  Treated  with  KCl  and  oven  dried  at  550°C 

The  "Simplified  X-ray  Analysis  Ouide  for  Clay  Minerals" 
(Diamond,  1978),  shown  in  Table  Bl  for  the  interplanar  spacings  (d). 
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was  used  to  interpret  the  values  obtained  from  the  diffraction  patterns. 

The  interplanar  spacing  (d)  were  calculated  frora  the  positions  of  the 

diffraction  peaks  (26)  by  applying  Bragg's  Law: 

,  _    nA 

2  Sin  e 

o 
where   d  =  interplanar  spacings  in  Angstroms  (A) 

o 

A  =  wave  length  of  radiation  in  Angstroms  (A) 

n  =  1  for  basal  (001)  peak  position 
20  =  diff ractonieter  angle  for  position  of  peaks  m  degrees. 

Based  on  the  results  of  the  mineralogy  study,  the  ISHC  selected 
three  shales,  New  Providence,  Osgood,  and  Palestine  II,  for  use  in  the 
testing  program.   A  summary  of  the  analysis  for  each  snale  is  given 
in  Tables  B2,  B3,  and  BA.   The  relative  proportions  of  the  clay  minerals 
in  each  shale  were  estimated  using  the  peak  amplitudes  as  a  rough 
quantitative  guide  and  are  displayed  in  Figure  3.   A  raore  complete  de- 
scription of  each  shale  is  given  below. 

3.4.1   New  Providence 

New  Providence  shale  shown  in  Figure  4  lies  at  the  base  of  the 
Valmeyeran  (Osage)  series  of  the  Mississippian  system.   The  shale  is 
gray,  has  medium  hardness,  and  is  flaggy. 

Similar  in  mineralogy  to  the  other  formations  in  the  Osage 
series,  the  New  Providence  shale  contains  quartz  and  feldspar  (Harrison 
and  Murray,  1964).   As  shown  in  Figure  3,  the  mineralogy  study  indicates 
the  clay  portion  of  the  New  Providence  shale  is  primarily  illite  with 
some  kaolinite  and  chlorite. 
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The   results  of   tests  performed  by   the   ISHC  on   the  New  Providence 
shale    are    given    in    Table   B5. 

The   New  Providence   shale   was   sampled   along   the    ramp  leeidinq    from 
westbound   1-64    to   northboijnd   1-265   near  New   Albany,    Indiana.      "Bie   shale 
was   excavated  with    a  backhoe ,    loaded  onto   a   truck,    and   covered  with   a 
tarpaulin.      The    following   day,    the    shale   was   stored    in    a   steel   bin   at 
Purdue.      A  more    complete    description    of   the    storage    container   is   given 
in   Appendix   C. 

3.4.2      Osgood 

The   Osgood   shale    shown    in    Figure    5    is    a   member   of  the   Salamonie 
dolomite    and   lies    at  the  base   of   the   Niagarari    series    in    the    Silurian 
system.      The   Osgood   shale    is   blue-gray,    hard,    and    flaggy.      As  part   of 
the   Silurian   system,    the   Osgood   shale    represents    the   oldest  material 
used  in  the   testing  program. 

The   Silurian   system   is   best    described  as    a  succession   of    lime- 
stones   and  dolomites    (Harrison    and  Murray,    1964) .      As    a   shale   of  the 
Silurian   system,    the    dominant  minerals   in   the   Osgood   shale    are   quartz, 
dolomite,    and   calcite    (Harrison    and  Murray,    1964).      The   mineralogy 
study  of   the    clay  portion   shows  primarily   illite   with   some   kaolinite. 
No  chlorite   is   found  in   the  Osgood  shale.      The   results  of   tests  per- 
formed by  the   ISHC  on  the  Osgood  shale  are   given   in   Table  B6. 

The  Osgood  shale  was  sampled  near  the   intersection  of  Indiana 
SR  107    and  US   421   in   Madison,    Indiana.      The   material  was  excavated  with 
a  backhoe,    loaded  onto    a  truck,    and   covered  with   a  tarpaulin.      Itie 
shale    arrived   at   Purdue    the    following   day   and  was    stored   in   a   steel 
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bin.      A  more    complete   description  of  the  storage    container  is  given   in 
Appendix   C. 

3.4.3     Palestine    II 

The  Palestine   shale   is  part   of  the   Palestine   sandstone    formation 
in   the   Chester   series   of   the    Mississippian   system.      The    rocks    of   the 
Chester  series    consist  of  shales,    sandstones,    and   limestones   in   rela- 
tively  thin   strata    (Harrison   and  Murray,    1964).      The  Palestine   shale 
shown   in   Figure   6   is  brown-gray,    soft,  and   flaky    and   can   best   be    de- 
scribed  as    a  transition   between    shale    and   sandstone. 

Quartz  is  the  abundant  nonclay  mineral  in  the  Palestine  shale. 
The  mineralogy  study  on  the  clay  portion  shows  kaolinite  and  illite  in 
approximately  equal    amounts.      Some    chlorite    is    also   present. 

The   results    of  tests  performed  by   the    ISHC  on   the    Palestine 
shale    are   given   in   Table   B7. 

The   Palestine   shale   was   sanpled   from  the    side    of   a  read   cut 
along   the  westbound  lane    of   1-64,    approximately   56   km    (35    mi)    west  of 
Corydon,    Indiana.      Because    of   the   height   of   the    sait5)le   pit    above    the 
road  elevation,    the   shale   was  excavated  with   hand   tools    and  a   jack- 
hammer.      The   samples  were  placed   in   cloth  bags   lined  with   plastic   and 
sealed.      The  bags  were   delivered  to  Purdue    two   days    later.      The    shale 
was   then   transferred   to    steel   cans  with   plastic    liners.      A  more    con^lete 
description  of  the    storage  method   is   given    in    Appendix   C. 

3. 5      Selection   of   Compaction   >fethods 
The   development   of   a  basic    laboratory    compaction    test  by   R.    R. 
Proctor   in    1933   greatly   improved  the   knowledge    of    soil    conpaction. 
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Other  tests  were  later  developed  which  either  modified  the  Proctor  test 
or  presented  compaction  methods  whlcli  simulated  the  action  of  field 
compaction  equipment.   The  najority  of  present  compaction  tests  nay  be 
classified  as  dynamic  or  impact,  static,  or  Vjieadlng.   Each  of  these 
techniques  was  considered  in  the  selection  of  compaction  methods  for 
the  degradation  testlni;  program. 

Impact  compaction  tests  basically  consist  of  dropping  a  hammer 
a  specified  number  of  times  on  material  containc-:'.  in  a  mole'.   Slight 
modifications  of  the  test  used  by  Proctor  have  led  to  the  development 
of  several  "standard"'  test  procedures  (ASr:  n-698  and  D-1557;  A.\SHTO  T-99 
and  T-180) .   The  impact  compaction  tests  have  become  a  fundamental  part 
of  soil  testing  and  are  backed  by  a  vast  amount  of  laboratory  and  field 
experience. 

The  Proctor  type  compaction  tests  use  a  hammer  with  a  diameter 
much  smaller  than  the  mold.   Another  type  of  impact  test  developed  in 
England  uses  a  hammer  which  fits  closely  Inside  the  mold.   This  "full- 
face"  Impact  test  (British  Standard  812:1960)  Is  used  by  the  British 
Standards  Institution  as  a  standard  test  for  measuring  the  resistance 
of  aggregates  to  crushing  under  impact  loads. 

Aughenbaugh  et  al.  C1963)  and  Bailey  (1976)  used  Proctor  type 
compaction  methods  to  induce  degradation  in  sample  materials.   Using 
the  Modified  AAS'^TO  method  and  a  15. 2A  cm  (5  in)  mold,  Aughenbaugh  et 
al.  measured  the  degradation  of  base  course  aggregates  as  a  function 
of  blows  per  layer.   The  results  of  the  laboratory  tests  vere  compared 
with  the  observations  from  field  compaction  tests,   respite  sose 
anomalous  values,  the  Modified  .\AS'ITC  test  produced  a  fair  distinction 
among  the  general  breakdown  characteristics  of  the  different  aggregates. 
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However,    the  percent    fines  produced  by  the    impact  tests   for  the  differ- 
ent   aggregates   did  not    directly  match   the    field    results.      Because   of 
this   discrepancy,   Aughenbaugh  et  al.    (196  3)    rejected  iirpact   con^iaction 
tests   as    a  method  of  evaluating  the    degradation  of  beise   course   aggre- 
gates. 

Bailey    (1976)    performed   a    limited  number   of   tests   using   Proctor 
type    compaction  methods   to  evaluate    the   effect  of  moisture   on    shale 
degradation.      Several  problems  were   encountered   including   the    inability 
to   dry   sieve   the   moist   samples.      Because   of  these   problems,    Bailey 
discontinued  the    use   of   Proctor   type    compaction  methods. 

The   degradation   tests  by  Bailey    (1976)    included  the   use  of   f-oll 
face    impact    compaction.       The   results    showed   that    full    face    conpaction 
produced   fairly   uniform  and   repeatable    levels   of    compacted   unit  weight 
but   that   degradation   values   varied  widely.    Also,    from  visual    inspection 
of   the    compacted  samples,    the    upper  portions   of   the    samples   had  exper- 
ienced more   degradation   than  the   lower  portions.      Bailey   attributed  this 
behavior  to  the  tendency  for  shale  pieces   in   the   upper  portions  of  the 
sample   to   "lock   up"    during  the    first  blows    of   the    compaction   hammer. 
The   poor   repeatability  of   degradation   values    led   to   Bailey's    (1976)    re- 
jection of   full    face    compaction    as    a   suitable    index  test. 

As  part  of  a  program  using  coal  mine  refuse  in  highway  embank- 
ment construction,  Butler  (1976)  used  Proctor  type  compaction  tests  to 
observe  the  effect  of  degradation  on  the  compaction  characteristics  of 
coarse  refuse  material.  Repetitive  testing  of  samples  showed  that  in- 
creased degradation  improved  the  moisture-density  relationships  of  the 
material.      Butler  also  reported  reasonably  good  agreement  between 
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laboratory  predictions  and  field  results  for  both  degradation  and 
moisture-density  relationships.   Butler  (1D76)  concluded  that  use  of 
the  Proctor  conpactlon  method  and  the  resulting  test  data  coijld  provide 
improved  construction-compaction  guidelines. 

Although  the  conclusions  by  Aughcnhaugh  et  al.  C1963) ,  Bailey 
(1976),  and  Butler  (1976),  regarding  the  use  of  '"roctor  type  tests  in 
degradation  testing  were  mixed,  the  simplicity  and  availability  of 
Proctor  tests  favored  this  form  of  impact  testing.   Therefore,  the 
Proctor  test  was  selected  as  a  suitable  compaction  method  in  the 
degradation  testing  program. 

Static  compaction  methods  are  characterized  by  the  slov  applica- 
tion of  a  full  coverage  stress  to  the  sample.   The  r.ajority  of  exper- 
ience in  the  use  of  static  tests  for  aggregates  cone  from  England  and 
South  Africa. 

The  aggregate  crushing  test  of  the  Pritish  Standards  Institute 
(British  Standard  812:1960)  uses  a  400  kM  (45  ton)  load  to  crush  aggre- 
gates confined  in  a  steel  mold.   The  crushing  value  is  measured  by  the 
amount  of  fines  produced  by  the  loading  and  is  expressed  as  a  percentage 
of  the  total  sample  weight. 

The  large  load  required  by  the  aggregate  crushing  test  niakes 
the  test  generally  insensitive  to  the  strength  of  weaker  materials.   To 
overcome  this  problem  Shergold  and  Ilosking  (1''59)  developed  the  1C% 
Fines,  Aggregate  Crushing  Test  (10-FACT) .   The  10-FACT  (British  Standard 
812:1960)  is  expressed  as  the  load  required  to  produce  10*  fines  in 
the  sample.   Since  the  applied  load  is  variable,  weaker  materials  nay 
be  tested  successfully. 
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Loubser    (1967)    reported  that  the    lO-FAOT  was   a  relie±>le  method 
of  evaluating   indurated   shales    used   as    road   aggregates   in   South   Africa. 
Case  histories  were  presented  which  verified  the   capabilities  of  the 
10-FACT   in  predicting  the   performance    of   shale   aggregates.      Additional 
work  by   Loubser    (1967)    showed  a  good  correlation   between   the    lO-FACT 
and  the   density   and  water    absorption    characteristics   of   shales. 

The    results   of   static  tests   performed  by   Bailey    (1976)    were 
very   consistent    in   terms   of   load.    Index  of   Crushing,    and  density. 
Because   of  the   good   correlations    found   in   the    static  testing,    Bailey 
recommended  the    static   test    as   a   standard  degradation    index  test. 

In   view  of   the    success    associated  with    static   testing,    this 
method  of   compaction  was   included  in   the   testing  program. 

Kneading   compaction   methods    attempt   to   model   the    actions   of 
field   compaction  equipment.      Unli>ce    impact  or   static   conpaction ,    the 
compactive  effort  of  the  kneading   compactor  occurs   in   cycles   of  grad- 
ually  increasing   and  decreasing   load   and   is    applied   through   a   compaction 
foot.      The   compactive  effort  may  be   controlled  by  the   foot  pressure   and 
the  number  of  applications  per  sample.      Detailed  descriptions  of   the 
compaction   process   and  kneading   apparatus   are   given  by  Aughenbaugh  et 
al.     (1963),    Bailey    (1976),    and   Gaudette    (1960). 

Aughenbaugh  et   al.    (1963)    used  kneading   compaction    as    a  nethod 
of  evaluating  the  degradation  of  base   course   aggregates.      The   results 
of  the  kneading  coii5)action   tests  were  compared  with  observations   from 
field   con5)action   and  other   laboratory  methods.      The   kneading    cOTnpactor 
failed  to   differentiate   correctly   among  the   various   aggregates  with 
respect   to   their  general  breakdown    characteristics.      Also,    variations 
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in   coinpactive   effort    from   changes    in   the    foot   pressure   or  number   of 
applications   produced  erratic   arid   unpredictable    aunounts   of    degradati.on. 
Based  on   the   results   obtained,    Aughenbaugh  et   al.     (1963)    rejected  the 
kneading  compactor   as   a  degradation   index  test. 

Bailey    (1976)    performed  kneading  compaction   tests  to  study  the 
degradation   of   shale.       In   the   testing  program,    the   number  of   applica- 
tions  and   compaction    foot   pressure   were    varied    independently.      The 
general   trends   of  the   results    showed   reasonable    relationships  between 
degradation,    density,    and  compactive   effort.      Hcwcver,    Bailey    (1976) 
reported  that,    "In   general   it  was    found  that   repetitions   of   )cneading 
compaction    tests  with   all    conditions  held   constant    did  not    yield  the 
same   results." 

The   anomalous   results    reported  by  Aughenbaugh   et    al.     (196  3)    and 
Bailey    (1976)    indicated  that   kneading   conpaction   was   not    a   sufficient 
compaction  method  as    an    index  test    for   shales.       For   this   reason,    Icnead- 
ing   compaction   was   excluded   from   the   testing  program. 

3.6  Testing  Procedure 

3.6.1      General 
The    impact   and  static   methods   of    compaction    demonstrated  fea- 
tures  suitable    for   a  standard    compaction-degradation   test.      A  testing 
program  was   developed  to   examine    the    repeatability  of   the    compaction 
process    involved   in   each  method.      Samples   of    the   New   Providence,    Osgood, 
and  Palestine    shales  were   prepared  in    aii    identical   manner   to    reduce    the 
test   variation.      The    assuirption  was   made   that   by   using   similar   samples, 
any  variation   in   the   test    results   was    largely  due    to   the    shale 
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variability   and  testing  process.      The   shale  variability  was  a   factor 
present    in    all    tests.      The    view  was    taken   that   the   variation   due   to 
the  material  would  be    at   a   constant   level   throughout    the    testing  pro- 
gram.     Thus,    any  major   differences    among  the   variations    found  within 
the    individual  effort    levels   or   compactive    techniques  were   attributed 
to   the    conpaction   process. 

The    use   of    four    levels   of    conpactive   effort   in  both  the    iii(>act 
and   static  tests  permitted  one    to  demonstrate    the   effects   of   conpactive 
effort  on   degradation    aiid   compacted  density.       Different  effort   levels 
also   allowed   for  the   evaluation  of   specific   compactive   efforts    in    terms 
of   the    limits   established  by  the    guidelines   of   the    testing   program. 

3.6.2      Sample   Preparation 

The   excavation   methods    used   to   obtain    the    shale   produced   a  nuio- 
ber  of   large  pieces.      The   large  pieces  were  broken   down  with   a   carpen- 
ter's hammer  to  prepare   sairples   suitable   for  testing.      Tne  brckan   shale 
was   then   dry   sieved   through   a  nest   of   sieves  with   mesh    sizes   of    38.1, 
19.1,    9.52,    4,76,    2.38,    1.19,    0.59,    0.30,    and   0.15   mm   and   a  pan    (U.S. 
Standard  sieves    1   1/2    in,    3/4    in,    3/8   in.    No.    4,    8,    16,    30,    50,    and 
100) .      The   material    from  each   different   size   group  was    stored   in   a 
plastic  bag. 

A  5.0  kg    (11.0    lb)    sample   was  prepared   immediately  before    test- 
ing by  blending  the   different    sizes   to   fit   the    distribution   of   gradation 
A  shown    in   Figures    7,    8,    and  Al .      The    cumulative   distribution  of   grada- 
tion  A   conformed  to  the   equation: 
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where     P     is   the  percent  passing  any  sieve,   d  is  the   sieve  mesh  size, 

and   D  is    the    top  aggregate    size. 

The   gradation  of   the   samples   used  by  Bailey    (1976)    was  similar 
to   the    above    relationship   and   involved   a   top   aggregate    size   of   19.1  odB 
(0.75    in).      A   top   size    of    38.1    mm    (1.5    in)    was    used    for   the   samples   in 
this   testing  program   in    an    attempt   to  provide    a   more    realistic  represen- 
tation  of    field   conditions.      The    gradation     equation   provided   a   size 
distribution   which  emphasized   the    larger  pieces   but   still    included  the 
finer   sizes.      The    coiTLbination   of   the    selected  gradation    curve    and  the 
larger  sizes  was   expected   to  more    accurately   reflect   the  behavior  of 
shale   degradation    during   compaction. 

The   shales   were   tested   at   their  natural  moisture   levels    to 
avoid  the   effects   of   either  wetting  or   drying.      Although   the   values   cf 
moistiore    content   varied   among   the    three    shales,    the   moisture    contents 
for  scutples   from  any  particular  shale  were   relatively  unifom. 

3.6.3   Impact  Tests 

The    impact  tests   were    similar   to   the    Proctor-type    compaction 
procedure    in   that   a  small    faced  hammer  was    dropped  on    the    sample 
material    a  specified  number   of   times.      The   equipment    and   corapactive 
efforts   were   modified   to   satisfy  the    special  needs   of  the    testing  pro- 
gram. 

A  15.24    cm    (6   in)    diameter   steel    CBR  mold  was   used  tc    accccuDO- 
date   the    top   aggregate    size   of  the    sample    gradation.      Bailey    (1976)    re- 
ported problems   due    to   the   additional    degradation    induced  while    removing 
the   more    tightly   compacted   shale    samples   of   higher  effort   le-vels.      To 
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alleviate   this   problem  and   aid  sample    removal,    ail    :jcirf)le3  were    com- 
pacted  in   the    split    CBR  mold   shown    in    Figure   'i . 

The   different  levels  of   compactive  effort  were   controlled  by 
the  weight    and  drop   of   the   hamitier,    the   number   of    layers,    and   the   niBnber 
of  blows   per   layer.      Table   2   provides    a  suitmary  of    the    combinations  of 
variables    used   to  obtain   each  effort    level. 

A   5.1    cm    (2    in)    thick,    15.0    cm    (5.9    m)    diameter  disk   was  placed 
in   the   mold  prior   to   compaction.      The    disk   effectively   reduced   the    vol- 
ume  of  the   mold   so   that   less   material   was    required    for   each   test.      The 
shale  was    then   placed   in   the   mold  and   compacted   at   the   desired  effort 
level. 

After   compaction   the    mold   collar  was    taken    off.      Next,    any   ex- 
cess material   above    the  mold   rim  was   gently   removed.      For   the    calcula- 
tion  of  wet    density,    the    shale    remaining    in    the    rnold   was    removed   and 
weighed   on    a   scale    accurate    to    0.005   kg    (0.01    lb). 

The    compacted  sairple   was    separated  by  hand   and  reccmbined  with 
the   excess   material   that  had  been   previously    removed.      All   of   the    shale 
was   dry   sieved   through   the   nest   of   sieves   used    in    the    sample   preparation. 
A  more    complete   description   of   the    sieving   process    is   giver,    in   Appendix 
C.      After   sieving,    the   material    from  each   of   the   size   groups   was 
weighed  on   a   scale   accurate   to   0.1   grn.      A  portion    of   the    sample   xaterial 

o 

was  oven  dried  at  105  C  for  one  week  to  determine  the  sample  moisture 
content. 

The  determination  of  the  Index  of  Crushing  (IC)  was  accon^jlished 
by  the  method  shown  in  Table  1  once  the  initial  a.nd  final  sample  grada- 
tions were  known.   The  practice  of  recombining  the  shale  before  the 
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Table   2.      Summary  of  Compactive  Effort  Variables 


Total 

Weight 

6  ■fc:s.  r-.— 1 ■  --       ■        -i^j. 

Compactive 

of 

Drop 

Effort 

Hairmer 

Hanmer 

Number 

Blows 

Effort 

kN-m/m 

kg 

cm 

Of 

per 

Level 

(ft-lb/ft^) 

(lb) 

(in) 

Layers 

::.ayers 

1 

527 

2.49 

30.5 

3 

55 

(11,100) 

(5.5) 

(12.0) 

2 

790 

4.54 

45.7 

3 

30 

(16,500) 

(10.0) 

(18.0) 

3 

1451 

4.54 

45.7 

3 

55 

(30,300) 

(10.0) 

(18.0) 

4 

2414 

4.54 

45.7 

5 

55 

(50,400) 

(10.0) 

(18.0) 
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final  sieving  insured  the  analysis  of  the  entire  sample.   Including  all 
the  saitple  in  the  IC  calculation  reduced  possible  errors  due  to  the 
elimination  of  portions  of  the  sample  gradation. 

3.G.4   Static  Tests 

The  static  tests  were  characterized  by  the  slow  application  of 
a  load  distributed  over  the  entire  face  of  the  sample.   As  in  the  im- 
pact tests,  modifications  in  equipnent  and  procedures  were  developed  to 
satisfy  the  special  requirements  of  the  static  testing.   The  split  CBR 
mold  and  disk  from  the  impact  tests  were  also  used  in  the  static  test- 
ing.  A  loading  ram  was  constructed  to  transfer  the  compressive  effort 
to  the  sample.   The  ram  shown  in  Figure  10  consisted  of  a  6.5  cm  (4.0 
in)  diameter  hollow  steel  cylinder  with  15.0  cm  (5.9  in)  diameter  circu- 
lar plates  welded  on  each  end.   The  total  height  of  the  ram  was  14.0  cm 
(5.5  in) . 

The  static  compaction  test  had  an  advantage  over  the  impact  test 
in  the  determination  of  compactive  energy.   The  total  compactive  work 
done  on  a  sample  could  be  calculated  by  measuring  the  load  during  the 
compaction  process  and  the  residual  deformation  of  the  sairgsle.   A  dial 
gage  was  attached  to  the  loading  ram  to  evaluate  the  deformation  of  each 
statically  compacted  sample.   The  compactive  effort  in  the  static  tests 
varied  only  in  the  highest  load  applied  to  the  sample.   The  four  levels 
vised  are  given  below: 

1.  500  kPa   (  72.5  psi  or  2000  lb) 

2.  1000  kPa   (145.0  psi  or  4015  lb) 

3.  2000  kPa   (290.0  psi  or   8030  IJ.) 

4.  3000  kPa   (435.0  psi  or  12045  lb) 
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Each  sample  was  compacted  in  three  layers.   A  loose  layer  of 
material  was  placed  in  the  mold,  then  the  loading  ram  was  positioned 
and  seated.   The  entire  assembly  was  then  placed  in  a  con^jression  test- 
ing machine  for  loading  (see  Figure  11) .   Although  the  lowest  setting 
on  the  machine  was  used  for  all  the  tests,  the  loading  rate  varied  be- 
tween 0,15  cm/min  (0.06  in/min)  and  0.25  cm/min  (0.10  in/min)  .   This 
variation  was  attributed  to  the  hydraulic  system  of  ttie   machine  and  was 
not  considered  a  significant  factor  in  the  testing  program. 

The  load  was  increased  to  the  desired  level  and  then  released 
immediately.   Following  compaction,  the  sample  was  trimmed,  weighed, 
and  dry  sieved  using  the  procedure  described  for  the  impact  tests. 

The  load  and  deformation  were  monitored  for  each  layer.   Values 
from  the  compression  machine  load  gage  were  recorded  at  regular  tine 
intervals  during  the  compaction  process.   As  the  load  approached  the 
higher  values,  the  slope  of  the  load-time  curve  increased  sharply  (see 
Figure  12) . 

The  sample  deformation,  measured  by  the  loading  ram  dial  gage, 
displayed  the  linear  deformation -time  relationship  shown  in  Figure  12 
during  loading.   The  deformation  showed  a  sharp  decrease  upon  release 
of  the  load  which  indicated  the  elastic  rebound  of  the  sample.   Only 
the  residual  deformation,  measured  as  the  difference  in  the  dial  gage 
reading  before  and  after  loading,  was  used  in  calculating  the  work  in- 
put.  Since  the  elastic  portion  of  the  total  deformation  was  assumed 
to  have  a  linear  relation  with  load,  the  relationship  of  the  residual 
deformation  and  the  load  was  also  linear. 
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FIGURE     II     COMPRESSION     MACHINE     FOR 
STATIC     COMPACTION    TESTS 
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FIGURE     12      RELATIONSHIPS     OF    LOAD    AND 
DEFORMATION     WITH     TIME 


43 


The  work    input    could  be    calculated  by   using  the    trapezoicJal 
method  to  estimate   the   area   beneath   the    load-residual   deformation    curve. 
The    total   compactive  work   input    for    a   sample   was    taken    as    the    summation 
of   the   work   that   had  been    applied  to   each    layer   in    the    sample.      Ihis 
quantity  was   normalized  by  multiplying  by   the    ratio   of   the    nold   volume 
to   the    final    sample    volume. 

3. 7      Ptesults   of   Testing    Irogram 

3.7.1      Impact   Tests 

Impact   tests    using    four   levels   of   compactive   effort  were  per- 
formed on   each  of   the   three    shales.      As    seen    in    Figure    13,    degradation 
generally   increased  with    increasing   con^active   effort.      The   relationship 
between   degradation    and   compactive   effort    generally   agreed  with   the    re- 
sults  of   shale   degradation   tests   performed  by  Bailey    (1976).      Bailey 
also   reported   a   limiting  maximum  value   of   degradation  with   increasing 
conpactive   effort.      No    limiting   degradation    values  were    observed   for  the 
shales  within   the    compactive  efforts    used   in    these    iirjjact   tests. 

The   Palestine    shale   at   the    third   compactive   effort   of   1450 

3  3 

kN-m/m      (30,300    ft-lb/ft    )    deviated    from  the    trend   of   increasing    degrada- 
tion.     The   smaller   Index  of  Crushing   value   was    attributed  to   problems 
with   separation   of  the    compacted   sample   before    dry   sieving.      The   co- 
herence  of  the   Palestine   shale    compacted   at   the    third  effort   level 
created  a  sample   that    could  not  be    separated  without   inducing   an  un- 
known  amount  of   degradation.      Keeping   the   effort   of   separation   to   a 
minimum  increased  the  probability  of   representing   a   lump   containing 
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several  pieces   as   a  single   aggregate   size.      The  problems  encountered 
with   the    Palestine    samples    at   the    third  effort    level   prevented  the 
degradation   analysis   of  the   Palestine   shale    at    any   higher   effort    level. 

Figures  A2    through   A12    display   the    aggregate    size    distributiOTis 
of   the    impact    conpaction   saraples    and  provide    an    important  key    in    under- 
standing the   degradation  pattern  of  the   shales.      Aggregates   in   the    38 
mm    (1.5    in)    to    19   mm    (0.75    in)    size   group  experienced  the   greatest  per- 
cent weight   change.      Fragments  produced  by   the   breakdown   of    the    large 
pieces   were    distributed  over   the   entire    size    range,    thereby   increasing 
the   amounts   of   smaller  sizes.      Aggregates    in    the   inedium   size    range    also 
degraded.      However,    to   some   extent,    fragments    from    larger   aggregates 
replaced  the  broken,   medium  size   aggregates.      The   overall   degradation 
process  produced  a   final  differential    frequency   distribution  which  was 
flatter   than    the    initial   distribution   and  had   a   smaller  mean   aggregate 
size. 

The    dry   density  shown    in   Figure    14   also    increased  with    increas- 
ing  compactive   effort.      The    compaction    tests    rep'  rted  by  Bailey    (1976) 
indicated  limiting  maximum  values   of   dry  density    as    the    compactive 
effort   increased.      Although  no   actual   limits   were-    reached   in    this   test- 
ing program,    the   density   curves    for  each   of    the   shales   show   a  tendency 
to  become   asymptotic    at    the  higher  levels  of   compactive   effort. 

A  direct   comparison  of  the   dry  density  values    for  the   three 
shales   at   any  given   compactive  effort   is  misleading  due   to   the   differ- 
ences   in   specific  gravity   among  the   shales.      The   use    of   the   percent 
solids    as    defined  below: 

VOLUME    OF    SOLIDS 


PERCENT   SOLIDS 


TOTAL  VOLUME 
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provides   a  measure  which   corrects   for  the   difference   in   specific  gravity. 
Table    3   lists    the   values   of  percent   solids    for    the    shales   at   each    ccia- 
pactive  effort  level. 


Table    3.      Average   Values  of  Percent  Solids    for  Iirpact  compaction 
Samples 


EFFORT    LEVEL 


Shale 


52  7 


1 

kN-m 

3 
tn 


790 


2 

kN-m 
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3 

kN-m 
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kN-m 
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67% 
68% 


71% 

69% 
70% 
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73% 
73% 


76% 

75% 
75% 


.,    .            ,    kN-m        _^   ^    ft-lb 
Note:      1   -—  =    20.9  -— 


m 


ft" 


The   values    in   the   table    indicate   that    for   a   given   effort   level 
and   a  constant  mold  volume,    the   volume   of  solids    is   nearly   identical 
regardless   of  the  shale   type.      An   accompanying   conclusion   is  that  the 
volume   of   voids    is    also    identical    at   a  given   effort   level. 

The   degradation   of  the   material   during   compaction    resulted  in 
different   final   gradations    for   each    shale.      As   explained  previously, 
degradation   is    characterized  by   a  reduction    in    the    amount  of   large 
aggregates    and   an    increase    in   the    amount   of   smaller   sizes. 
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The  voids  (jxires)  within  a  compacted  shale  sainple  are  directly 
influenced  by  the  size  and  arrangement  of  solid  aggregates.   Therefore, 
the  final  gradation  of  solids  in  a  sample  greatly  affects  the  sizes  of 
pores  within  the  sample.   In  cases  where  the  total  volume  of  voids  is 
constant,  the  measure  of  degradation  also  serves  as  an  indicator  of 
pore  size  distribution.   The  results  from  investigations  by  Garcia- 
Bengochea  (1978)  and  Witsman  (1979)  concerning  the  influence  of  pores 
on  the  behavior  of  compacted  materials  indicate  that  the  pore  size 
distribution  has  an  important  role  in  the  permeability,  compressibility, 
and  stability  of  a  compacted  shale  embankment. 

The  importance  of  the  pore  size  distribution  suggests  the  need 
for  a  conjugate  solid  size  distribution.   The  percent  weight  term  of 
the  aggregate  size  distribution  is  not  directly  compatible  with  the 
void  volume  function  used  in  the  pore  size  distribution.   The  percent 
weight  term  is  easily  transformed  into  a  volumetric  function  by  divid- 
ing each  weight  by  the  shale's  specific  gravity  and  the  unit  weight  of 
water.   However,  as  shown  below,  the  end  result  is  a  volumetric  value 
which  is  identical  to  the  percent  weight  value. 
WITH:   W   =  WEIGHT  OF  SOLIDS  (SIZE  GROUP  1) 

W   =  TOTAL  WEIGHT  OF  SOLIDS 
T 

G  =  SHALE  SPECIFIC  GRAVITY 

Y   =  UNIT  WEIGHT  OF  WATER 
W 


49 


THEN: 


PERCENT  WEIGHT   ^  _1_ 

(SIZE  GROUP  1)      W 

T 

W 
VOLUME  OF  SOLIDS  ^        ^    1 

(SIZE    GROUP    1)  SI      "      Gy 

w 

VOLUME    OF    SOLIDS      ^  ^         T 

(TOTAL)  ST      ~      GY 


PERCENT   OF    SOLID  VOLUME      ^      ^Sl    ^   '^l'^'^^ 

(Size    Group    1)  ~      V  „        W  /GY 

ST     T    w 


This  development  shows  that  the  distribution  for  the  percent  of 
solid  volume  is  identical  to  the  aggregate  size  distribution. 

The  volumetric  function  for  the  solid  size  distribution  may  be 
desired  in  terms  of  the  total  sanple  voluite.   Itiis  is  accomplished  by 
multiplying  each  percent  of  solid  volume  value  by  the  percent  solids 
value  for  the  compacted  sample. 

The  variability  of  the  compaction  process  was  indicated  by  exam- 
ining the  results  of  tests  repeated  four  times  at  each  effort  level. 
The  coefficient  of  variation  (the  ratio  of  the  standard  deviation  to 
the  mean  and  expressed  as  a  percent)  provided  an  appropriate  measure  of 
variability.   Table  4  lists  the  mean  Index  of  Crushing  value  and  the 
coefficient  of  variation  for  each  effort  level. 

The  lowest  compactive  effort  (level  1)  consistently  displayed 
the  greatest  variation.   The  variation  decreased  as  the  compacrive  ef- 
fort increased  to  effort  leveJs  2,  3,  and  4.   The  Palestine  shale  did 
not  follow  this  trend.   The  variation  at  level  3  for  the  Palestine 
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Table  4.   Index  of  Crushing  and  Coefficient  of  Variation  for  Inpact 
Compaction  Samples 


SHALE 


EFFORT 

LLVET, 


INDEX  OF  CRUSHING 


kN-m 


!JE.Ati 

COEFFICIEf.-T   OF 

VALUE 

'^ARIATIOK 

(%) 

(%) 

25.7 

10.4 

37.6 

5.6 

43.9 

5.0 

57.7 

3.9 

20.6 

20.2 

25.1 

4.4 

42.1 

1.9 

48.6 

3.3 

36.0 

6.7 

51.8 

1.7 

46.9 

10.0 

NEW  PROVIDENCE 


OSGOOD 


PALESTINE 


1) 

527 

2) 

790 

3) 

1451 

4) 

2414 

1) 

527 

2) 

790 
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]451 

4) 

2414 

1) 

527 

2) 

790 

3) 

1451 

,  kN-m    ^^  „   ft  -  lb 
NOTE:   1  r—  =  20.9  -— 


m 


ft" 
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shale  was   larger  than   the  variation    at   levels    1   and  2   due   to  the  prcAj- 
lems  encountered  with  sample   separation. 

The    aggregate    size    distributions.    Figures   A2    through   A12 ,    help 
explain   the    observed   variation.      The    variation    in    the    Index  of   Crushing 
value   reflects   the    variability  within   particular   size   groups   over  the 
entire    size   range.      The   distributions    for  effort    level    1    show   the 
greatest   variability  within   the    38.1   mm    (1.5    in)    to   9.5   im    (0.38    in) 
size    range   and   significant  variation  within   the    9.5   rrm    (0.33   in)    to 
0.3  mm    (0.01    in)    range.      For  effort    levels    2,    3,    and  4,    the    variation 
decreases    and   is   generally   concentrated   in   the    38.1  mm    (1.5    in)    to   4.8 
mm    (0.19   in)    size   range. 

The    variability   in    the   testing   process   and  the   shale    accounts 
for   the   small    range    and   relatively    low  values   of   the    coefficient   of 
variation   observed   for  the   higher  effort   levels.      The   high   variation   of 
the   lowest  effort   level   reflects  more   than   testing   or  material   variabil- 
ity  and  is  mainly  due   to   the   relationship  between   the   mechanics   of 
aggregate  breakage    and  the    forces  produced  by  the    con^action   process. 
The   delivery  of  the    compactive   effort   creates    loading   conditions  which 
cause  compressive,    shearing,   bending,    and  torsional  stresses.      Individ- 
ual aggregates   fail  when   their  ability  to  withstand  the   stresses   is  ex- 
ceeded.     The   loads   are  transferred  within  the    layer  through  the    contact 
points   between   aggregates.      Thus,    the   distribution    of   contact   points    in 
the   sample    directly   affects   the    influence    of   the    coinpaction   process  on 
single    aggregates. 

The   breaking   and  rearrangement  of   aggregates   during   ccxnpaction 
create  new  contact  points  which  transfer  additional   stresses  to 
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aggregates  which  may  have  previously  experienced  only  limited  loading. 
The  loads  at  the  lowest  effort  level  caused  some  degradation,  but  did 
not  produce  a  sufficient  increase  in  contact  points  to  establish  a  uni- 
form distribution  of  contact  points  within  the  sample.   Tlius,  some 
aggregates  based  on  their  random  position  within  the  sair^ile,  experienced 
only  minimum  stresses  and  did  not  fail. 

The  38.1  mm  (1.5  in)  to  4.8  mm  (0.19  in)  range  in  the  size  dis- 
tributions for  the  compacted  shale  sample  represents  the  largest  ar;d 
heaviest  single  aggregates.   The  variations  in  percent  weight  observed 
for  the  larger  sizes  reflect  the  influence  of  a  relatively  small  number 
of  aggregates.   Therefore,  the  variation  of  the  low  effort  level  re- 
flects differences  in  the  number  of  large  aggregates  which  survived  the 
compaction  process. 

The  more  uniform  distribution  of  contact  points  created  by  the 
effort  levels  2,  3,  and  4  probably  insured  that  every  large  aggregate 
would  be  significantly  loaded.   Since  every  aggregate  was  influenced  by 
the  compactive  forces,  the  variation  in  degradation  decreased  for 
samples  coitpacted  at  these  higher  levels. 

3. 7.2   Static  Tests 
The  results  of  the  static  compaction  tests  shown  in  Figures  15 
and  16  repeated  the  general  trends  of  the  impact  tests.   Ilie  degrada- 
tion values  of  the  Osgood  and  New  Providence  shale  increased  with  in- 
creasing conpactive  effort  and  displayed  no  limiting  value  within  the 
given  compactive  effort  range.   The  Palestine  shale  degradation  also 
increased  with  increasing  compactive  effort,  but  at  a  decreasing  rate. 
The  asymptotic  behavior  of  the  Palestine  degradation  indicated  a 
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limiting  maximum  value   as   suggested  by  Bailey    (1976).      Problems  with 
sample    separation    prevented   the    degradation    analysis   of    the   Palestine 
shale    at   the    3000   kPa    (435   psi)    effort   level. 

The   dry  density  of  the   shale   samples   increased  with   increasing 
compactive   effort.      The    density    for   all    three    shales   demonstrated  the 
tendency   to   increase    at   a  decreasing   rate,    indicating   the  possibility 
of  maximum  density   values. 

The  percent  solids  values  from  the  static  tests  (see  Table  5) 
are  similar  at  each  effort  level,  but  display  a  slightly  larger  range 
than   the   percent   solids   values  of   the    impact    tests. 


Table    5.       Average   Value    of   Percent   Solids    for   Static    Coii^action    Samples 


EFFORT 

LEVEL 

SHALE 

J 

2 

3 

4 

500  kPa 

1000  kPa 

2000  kPa 

3000  kPa 

NEW  PROVIDENCE 

60% 

64% 

68% 

72% 

OSGOOD 

59% 

62% 

65% 

67% 

PALESTINE 

59% 

63% 

69% 

71% 
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The  application  of  the  coinpactive  effort  during  the  static 
tests  was  more  closely  controlled  than  for  the  impact  tests  due  to  the 
ability  to  regulate  the  loads  applied  by  the  compression  machine.   Only 
two  tests  were  performed  at  each  static  level  because  the  results  were 
expected  to  show  less  variation  than  the  impact  test  results. 

The  aggregate  size  distributions  of  the  statically  compacted 
samples  as  depicted  in  Figures  A13  through  A2  3,  illustrate  the  variation 
found  between  the  final  gradations  of  duplicate  samples  tested  at  the 
same  effort  level.   The  largest  variation  for  the  New  Providence  and 
Palestine  shales  occurred  at  the  lowest  effort  level.   The  variation 
decreased  to  insignificant  amounts  as  the  effort  increased.   The  ob- 
served trend  of  variation  in  the  New  Providence  and  Palestine  shales 
duplicates  the  variation  in  the  impact  tests  and  can  be  attributed  to 
the  distribution  of  contact  points  within  the  sample. 

The  static  test  results  of  the  Osgood  shale  deviated  from  the 
basic  trend  in  variation.   The  Osgood  samples  showed  only  a  minimal 
amount  of  variation  at  each  effort  level.   However,  the  small  amount  of 
degradation  for  the  Osgood  samples  at  the  low  effort  levels  resulted 
in  final  gradations  that  were  very  similar  to  the  initial  gradations. 
The  final  gradations  of  the  samples  were  nearly  identical  since  the 
same  initial  gradation  was  used  in  each  sample. 

The  corrpactive  work  input  was  measured  by  finding  the  area 
under  the  load-residual  deformation  curve  for  each  statically  compacted 
sample.   The  hypothesis  was  adopted  that  a  measurement  of  the  work 
actually  performed  on  a  sample  would  give  a  better  insight  into  the 
relationships  between  the  compactive  effort,  dry  density,  and  degrada- 
tion. 
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The   plot  of   degradation   vs.    compactive   work    input    (Figure    17) 
is   similar   to   the   plot   of  degradation    vs.    ram  pressure    (Figure   15). 
The   basic   shapes   of   the    curves    in    the    two    figures    are    the    same   although 
the    data  points    in    Figure    17   are    spread  out    more    along   the   cibscissa. 

The    use   of   the    compactive   work    input    as   the    abscissa    for    the 
density  plot    (Figure    18)    allows   the   placement  of  data  points    at    inter- 
mediate   levels  which   did  not  exist    for   the    ram  pressure.      The    spread  of 
data  points   along  with   abscissa   results    in   a  more   narrow  bandwidth   of 
density  values   at  specific    levels   of  work    input. 

The   density-work   relationship  becomes   nearly   linear   for  the 
shales  when   the   differences    in   specific   gravity   are    considered.      The   use 
of  the  percent   solids   term   corrects    for   the    differences    in   specific 
gravity   and  produces   the    relationship  shown    in    Figure    19.       Linear   re- 
gression  analysis   performed  on   the   work   vs.    percent   solids   data  points 
resulted   in    the    following  equation. 

=    [0.59   +   0.00014    (WORK)]    x   100        R     =    0.95 
SOLIDS  '-  \  '  J 

A  comparison   of   the   density-ram  pressure    function    and  the 
density-work   function  eitphasizes   the   differences   in   expressing  the   com- 
pactive effort   as   a  nominal  energy  or  as   compactive  work. 

The    loads    applied  during   the    compaction   process    lead  to   an    in- 
crease  in  san^le   deformation  and  a  corresponding  increase    in  density. 
Both   load  and  deformation   may  be    related   to   density   as    shown    in   Figure 
20.       The   total   sample    deformation   will   eventually   reach    a  maximur,   as 
the    loads    continue    to    increase.      No    further   densif icatior.   will   occur 
after  this   point   is   reached   and   a   corresponding   limiting   value    for 
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density  is   approached.      Therefore,    after  maximvun  deformation    (and  maxi- 
mum density)    has  been  reached,    compactive  energy  is  wasted. 

The   nominal  energy  expression    of    compactive   effort    includes 
only  the    component   of   applied   load.      Increasing   the    load   increases   the 
compactive   effort  but  will   have   no   effect  on   the    density   if   maximum 
defoirmation   has   been   reached.      The    use   of   a  nominal   compaction   energy 
expression  will   yield  a  density-effort    curve   which   will    approach   a  max- 
imum density  value   asymptotically.      Ihe   density-ram  pressure   relation- 
ship  from  the    static  tests    represents   such   a   curve    in    the    transition 
from  minimum  to  maximum  densities. 

The   compactive   work   expression    is   a  product   of    load   and  deforma- 
tion.     Increased  loading  will   not   increase    the    compactive   work   once    the 
sample   deformation  has   stopped.      Therefore,    the    limiting  value  of  com- 
pactive  work   is    reached  when   the   maximum  deformation    and   density   are 
obtained.      As   seen    from  Figure    18   the   density   and   compactive  work   rela- 
tionship  is   nearly   linear   and  will    continue   in    a    linear  manner    until 
the    limiting   value    is    reached. 

3.8      Conclusions    and  Selection  of   a  Standard  Test 
Both   the   inpact  and   static  tests   possess    the    simplicity   and 
availability  that   is  desired  for  a  standard  test.      The   tests   also   dis- 
played sufficient   repeatability  at  the  moderate   and  high  effort   levels. 
The   relationships  between   compactive   effort,    dry   density,    and   degrada- 
tion established  by  each    ccmpaction  method  were    similar,    although  not 
identical.      Based  on    the   above   conclusions,    either   form  of   testing   could 
serve  as  a  standard  test. 
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The   unique    features  offered  by  each    testing  method  were   evalu- 
ated before  one   test   was   selected  over   the    other.      Ihe   main   advantage 
of   the   static  test  was    the   ability   to   measure    the    corapactive   work.      The 
linear   relationship  between  work   and  density,    as   well    as   the    concept  of 
limiting  work   and  density   values    indicate    the    compactive   work   expres- 
sion  of  effort    is   more    logical   than    the   expressions   of  nominal    compac- 
tive energy   currently   used.      Unfortunately,    the    measurement  of   compac- 
tive work   during    field   compaction    is   difficult   to   obtain    and   is   general- 
ly neglected   in    favor  of    terms   describing   the    compaction   equipment   and 
number  of  passes. 

A  comparison  of   the   density-degradation   relationship    shown    in 
Figure   21    reveals  higher  values  of  dry   density   for   the    impact    samples 
than    for   static   samples   at   equivalent    levels    of   degradation.      The  higher 
density   values    for   the    impact   tests    reflect   the    amount  of   aggregate 
itovement   that   occurred   during   the    compaction   process.      Ttiis    increased 
itovement   gave   the  pieces    a  greater  opportunity   to    establish   a  more 
dense   packing.      Aggregate   movement   in    the    static   compaction   was  more 
restricted.      Because    of   this   behavior,    large   aggregates   would   fracture 
during  the   static  loading,   but  the  resulting   fragments  would  essentially 
remain    in  place.      The    increased  degradation   would  have    little    effect   on 
the    dry  density  without   the    rearrangement  of    the   broken    fragments. 

Although  neither   the    impact  nor   the    static   tests   directly     model 
field   compaction,    the    aggregate   movement   of    the    impact   test  will  more 
closely   approach   the  behavior  of   shale   during    field   compaction.      Itie 
impact  test   also  has   the   advantage    of  being    a  well-known    and   accepted 
procedure    in   geotechnical    laboratories    and   is  backed  by   a  vast   amount 
of  experience. 
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The   advantages  of  the   compactivc  work   exj^ression   favor  static 
compaction   as   a  research   tool.      Howt-ver,    the    rcsulta   of   this    testing 
program  indicated   that    the   performance    and  background   of   the    irrcjact    test 
favor   this    form  of   compactive   effort.      These    reasons,    along  with   the 
previous   discussions,    led  to   the    selection    of    th>.     impact   test    as   the 
preferred   compaction   method   for   a   standard   test. 

The    four    levels  of   compactive   effort    use^    in    the    impact    tests 
provided  an   opportunity   to   observe    the   effect   of    compaction   energy  on 
degradation    and  dry   density.      However,    only   one   effort    level   was   de- 
sired  to  evaluate   the   effect  of   other   compaction    variables   or    Co    class- 
ify  the   degradability  of   stialos.      The    lowest   offtrt    level    consistently 
displayed   the    greatest    variation    in    the   tost    results.      The  higher 
compactive   efforts,    levels   2,    3,    and   4,    produced   results   with    sufficient 
repeatability.      However,    levels    3   and  4    proved  to  be    too   severe    for   the 

softest   shale.      For   these    reasons,    effort   level   2    (790  — —  or 

ft-lb  "^ 

16,500  — )    was    Rt.-lected   as   the   most   appropriate   effort    level    for   the 

ft 

impact  test. 

kt^- m                      f"*"- lb 
In   summary,    the    impact   test   method   at   the    790  — ^ —    (16,500  ) 

m-^  ft^ 

effort   level   was   selected  as   the   standard   compaction-degradation    test 

for   shales.      The    test    could  then   be    used   to   evaluate    the   effect   of   com- 
paction   variables   on    shales   or   as    a   classification    test    for   the 
degradability  of  shales. 
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4.       FACTORS    AFFECTING    DEGRADATION    AND    DENSITY 

4.  1      The   Effects   of    Initial   Gradation    arid 

Maximum  Size   on    Degradation    and 

Dry   Density 

4.1.1      Review 

Factors   other   than   the    compactive   effort   will   affect  the 
degradation   and  density   characteristics   of    a   coir^iacted   shale.      The   inore 
important   variables    for   the    case    of    a   shale   embankment   are   the    ijiitial 
gradation,    maximum  size,    and  shale   moisture    content.       The    standard 
compaction-degradation    test   developed  earlier  was    used  to   evaluate  each 
of  these   variables    independently. 

Previous   experience   with  the   effect   of   grading   and  maximum   size 
on   degradation   was   developed  primarily   in    the    field  of  mineral   aggre- 
gates   used   for   highway   construction.      Aughenbaugh  et    al.     (1963)    stated 
that  base    course    aggregates   under    loading  would   approach   a  maximum  dens- 
ity gradation    through   degradation.      Less   degradation   would  occur  as   the 
initial   sample    gradation  became    closer   to   that    for   a  maximum   density 
gradation.      Lees    and  Kennedy    (1975)    also   reported  that   the    degradation 
of   low  strength   aggregates   decreased   as   the    initial   gradation  became 
more   densely  graded. 

The   results  of  kneading   con^iaction   tests  by  Bailey    (1976)    on 
shale   demonstrated  the  effect  of  maximum  size.      Bailey  used  two  uniform 
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gradations  with -top  sizes  of   19.1  mm    (0.75   in)    and  4.8  mn    (0.19   in). 
The  gradation  with  the   largest  top  size   displayed  more  degradation   at 
all  levels  of  compactive  effort  than   the   other  gradation.      Pamana 
Sastry    (1977)    performed  a  laboratory  study  on    the   degradation   of   four 
gradings;    two  s)cip-graded  and  two  continuously  graded.      He   reported  that 
the  skip  gradings  degraded  more  than   the  continuous   gradings,    and  that 
a  reduction   in   the   maximum  size   or  the    amount   of   the    largest    size    frac- 
tion decreased  degradation. 

The   initial  gradation   and  maximum  size   of  a  material   can   also  be 
expected  to  influence   the  dry  density  of  a  compacted  seinple.      The   re- 
sults of  research  by  Butler    (1976)    on   coal  mine   refuse  demonstrated 
that  the  density  increased  as  the  material  became  more  well-graded 
through  coirpaction   induced  degradation.      The  kneading   compaction   tests 
by  Bailey    (1976)    displayed   the  effect  of  maximxam  size   on   dry  density. 
The   compacted  unit  weights   of  two  uniform  gradations  with  top   sizes  of 
19.1  ram    (0.75   in)    and  4.8  mm    (0.19  in)    were   compared  over  a  range   of 
compactive  efforts.      At   the    lower  effort  levels,    the  imit  weights  were 
very  similar.      However,    the  differences   in   the   unit  weights   increased 
as   the   compactive  effort   increased. 

4.1.2     Procedure   for  Analyzing  the   Effects 
of  Initial  Gradation 
Three   different  gradings  were   used  to  observe   the  effect  of 
initial  gradation  on  degradation  and  dry  density.      Gradation  A  was   used 
in   the   development  of   the   standard  test.      The    cumulative   distribution 
curve  of  gradation  A  followed  the  equation: 

P   =    (d/D)^ 
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where   P   is  the  percent  passing  any  sieve  f.i^c-,  d  is  the  sieve  mesh 
size,  and   D   is  tho  maximum  aggregate  size.   By  selecting  a  maximum 
size  of  38.1  mm  (1.5  in),  results  from  previous  tests  could  be  applied 
to  the  analysis  of  initial  gradation. 

Gradation  B  also  followed  an  exponential  cumulative  distribution 
curve  expressed  as; 

P  =(d/D)°-^ 

where   P,  d,  and   D  are  described  above.   Gradation  B  had  a  better  dis- 
tribution of  sizes  than  gradation  A. 

Gradation  C  represented  a  very  narrow-banded  grading  and  con- 
sisted entirely  of  aggregates  in  the  38.1  mm  (1.5  in)  to  19.1  mm  (0.75 
in)  size  range.   The  cumulative  distributions  of  the  three  gradings  are 
displayed  in  Figure  22. 

One  sample  of  gradations  B  and  C  was  prepared  for  each  shale 
type.   The  shales  were  compacted  at  their  natura]  moisture  contents  in 
accordance  with  the  procedure  developed  for  the  standard  test.   The 
samples  were  trimmed,  weighed,  and  dry  sieved  using  the  procedure  de- 
scribed in  Section  3.6. 3  and  Appendix  C.   Moisture  content  evaluations 
were  made  for  each  sample  to  determine  the  dry  density. 

4.1.3   Results  and  Discussion  of  Initial 
Gradation  Effects 
The  effect  of  the  initial  gradation  on  degradation  is  illus- 
trated in  Figure  2  3.   The  gradings  are  compared  by  their  coefficients 
of  uniformity.   The  coefficient  of  uniformity  (C  )  is  expressed  as  the 
ratio  of  D^^/D^^   where  D^^^  and  D^^  are  the  aggregate  size  diameters 
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corresponding  respectively  to  60  and  10  per  cent  passing  on  the  cumula- 
tive distribution  curve.   The  C   increases  as  the  initial  gradation 

u 

becomes   more   well-graded    (ASTM  D-2487) . 

The    New   Providence    and   Palestine    shales   experienced   a    decrease 
in   degradation    as   the   C      increased    for   the    initial    gradation.      The   ob- 
served behavior   may   be   explained  by    the   presence    of   contact    points 
within   the   sample.      Fewer   contact   points   exist    in    a  narrow-banded  grada- 
tion,   causing   the   application    of  higher  concentrated   loads   to   individual 
aggregates.      As    illustrated   in   Figure    24,    the    absence    of    contact   points 
also   leaves    larger   portions   of   aggregates    unsupported   leading   to   greater 
bending   and  shearing   stresses.      The    combined   effect   of    larger    loads    and 
longer,    unsupported   distances   on    the    aggregates   results    in    greater  de- 
gradation. 

The  number  of  contact  points  increases  as  the  initial  gradation 
becomes  more  well-graded.  The  distribution  of  compactive  loads  through 
the  increased  network  of  contact  points  reduces  the  loads  concentrated 
at  specific  points.  The  increased  contacts  also  provide  more  points  of 
support  for  individual  aggregates.  The  effect  of  increasing  the  number 
of  contact  points  will  lead  to  a  reduction  in  degradation  until  little 
or  no  degradation  occurs. 

The   initial  gradation   did  not   affect    the   degradation   of   the 
Osgood  samples,    although  the  number  of   contact  points   increased  for  the 
more  well-graded  samples.      The   Osgood  shale  was  the  hardest  of   the 
three  test  shales.      Therefore,    the   compactive   effort  was  probably  in- 
sufficient  to   reflect    any  major  effect  by   the    initial   gradation. 
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The  effect  of   the    initial   gradation  was  much  greater  for  the 
Palestine  shale   than    for  thie  New  Providence   shale   and  was  negligible 
for  the   Osgood   shale.      This   observation   demonstrates   that  the    relaticwi- 
ship  between    grading   and   degradation    is    a    function    of  both   the   shale 
type    and   compact ive    effort. 

The   dry   density  was   also   affected  by   the    initial   gradation. 
Figure   25   displays    an    increase    in   density   for   all    three    shales   as   the 
coefficient   of    uniformity    for   the   samples    increased.      Medium  and   small 
size   aggregates   became    available   to    fill   the    voids    as   the    initial   grad- 
ings    changed   from  narrow-banded  to  well-graded.      Degradation    generally 
produces    fragments  which   also    fill   the    voids.      However,    as    seen    in    the 
case   of   the   Osgood    shale,    density  may    increase    independently   of    the 
degradation   if   a  sufficient   distribution   of   medium  and   small   aggregates 
is  provided   in    the    initial   grading. 

4.1.4      Procedure    for   Analyzing  the   Effects 
of  Maximum  Aggregate    Size 
Three   gradations  were   used  to  evaluate   the   effect  of  the   top 
aggregate    size   on    degradation    and   density.      The    cumulative    distribution 
curve    for  each  of   the    gradations    followed  the   equation; 

•       P  =    (d/D)-"- 

where   P   is  the  percent  passing  any  sieve  size,  d  is  the  sieve  mesh 
opening,  and  D  is  the  top  aggregate  size.   The  gradation  with  a  top 
size  of  38.1  mm  (1.5  in)  was  identical  to  gradation  A  used  in  develop- 
ing the  standard  test.   The  subsequent  gradations,  Al  and  A2 ,  had  top 
sizes  of  19.1  mm  (0.75  in)  and  9.5  mm  (0.38  in)  respectively.   "Rie 
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cumulative  distribution  curves  for  the  threu  gradations  are  shown  in 
Figure  26. 

One  sample  each  of  gradations  Al  arjd  A2  were  blended  for  each 
shale  type.   Results  from  previous  tests  \ising  gradation  A  were  incor- 
porated into  the  analysis  of  the  effect  of  top  aggregate  size. 

The  shales  were  compacted  at  their  natural  moisture  contents 
using  the  procedure  developed  for  the  standard  test.   The  trimming, 
weighing,  and  dry  sieving  of  the  compacted  samplos  followed  the  proce- 
dures discussed  in  Section  3.6.3  and  Appendix  C.      Moisture  content 
determinations  were  made  for  each  sample  for  the  calculation  of  dry 
density. 

4.1.5   Results  and  Discussion 
of  the  Maximum  Size  Effects 

The  effect  of  the  top  aggregate  size  on  degradation  and  density 
is  demonstrated  in  Figures  27  and  28.   The  amount  of  degradation  for  all 
shales  increased  as  the  maximum  size  Increased.   The  aggregate  size 
distributions  which  illustrate  the  differences  in  degradation  are  given 
Figures  A24  through  A29. 

This  behavior  can  be  attributed  to  two  factors.   First,  the  num- 
ber of  contact  points  available  to  carry  the  compactive  loads  decreased 
as  the  maximiam  size  and  the  corresponding  mean  aggregate  size  increased. 
The  reduction  of  contact  points  resulted  in  greater  concentrated  loads 
within  the  sample  skeleton  and  led  to  increased  crushing  and  fracturing. 

Second,  the  probability  of  a  structural  weaknes;-,  within  an 
individual  aggregate  of  fissile  material  increases  as  the  aggregate  size 
increases.   Therefore,  larger  sizes  are  more  likely  to  break  down 
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EFFECT    OF  TOP    AGGREGATE     SIZE 
ON     COMPACTED     DRY     DENSITY 


than    smaller   sizos    under   similar    loading   conditions. 

The   effect    of    the    top    size   on    the    compa'-ted   dry    density  wa?   not 
well   established.      The   differences    in    the    dry   donsitios   of   the    throe 
gradations    for   each    shale   were    small    and   demr^nst  rated  no   general    trend. 
The    relationships   of   maximum   size    and    unit   wciglit    established  by   Bailey 
(1976)     indicated   that    the    effect    of   maximuiTi   .six.n   was    coupled   with    the 
level   of   compactive   effort.       In    consideration    of   Bailey's    results,    the 
effect   of   maximum  size   on    dry   density    for    the    samples   in    this   testing 
sequence   would   have   probably  been    more   prcjnounccd   at    a  higher    compactive 
effort. 
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A. 1.6  Conclusions 

Several  conclusions  may  be  drawn  fron  t\e   relationship  betveen 
initial  gradation,  maxinun  size,  degradation,  and  density. 

In  general,  shales  can  be  expected  to  degrade  more  under  a 
given  compactlve  effort  than  the  stronger  material t  used  In  highway 
construction.   However,  the  results  fron  the  analysis  of  Inltl-T?  grada- 
tion indicate  that  the  basic  degradation  behavior  of  the  shales  at 
their  natural  moisture  contents  does  not  differ  greatly  from  the  general 
degradation  trends  observed  for  highway  pavement  mineral  aggregates.   In 
this  context,  previous  experience  with  the  degradation  of  highway  materials 
can  possibly  be  applied  to  the  prediction  of  shale  degradation  behavior. 

The  results  of  samples  compacted  at  various  effort  levels  in  the 
initial  stages  of  the  testing  program  established  a  parallel  relation- 
ship between  degradation  and  dry  density.   VThile  such  a  relationship 
does  exist,  it  is  important  to  understand  that  the  interaction  of 
degradation  and  density  is  totally  dependent  on  the  compaction  condi- 
tions.  The  analysis  of  initial  gradation  demonstrated  that  density 
may  Increase  while  the  degradation  decreases.   The  evaluation  of  maxi- 
mum size  presented  evidence  of  increasing  degradation  which  did  not 
greatly  influence  the  density.   Therefore,  any  relationship  between  density 
and  degradation  is  valid  for  only  the  corresponding  set  of  compaction 
variables. 

The  application  of  the  standard  test  to  the  study  of  initial 
gradation  and  maximum  size  served  as  an  evaluation  of  the  test  itself. 

Two  cases  were  found  where  the  level  of  compactlve  effort  used 
by  the  test  was  insufficient  for  a  complete  analysis  of  the  compaction 
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variable.   These  cases  were  the  Influence  of  grading  on  the  rJegradation 
of  the  Osgood  shale  and  the  influence  of  taaximum  size  on  dry  density. 
The  test  could  be  adapted  to  these  situations  by  increasing  the  con- 
pactlve  effort. 

In  general  however,  the  test  vas  successful  in  establishing  the 
effects  of  initial  gradation  and  niaxinun  size  on  density  and  degrada- 
tion.  Further  use  of  the  standard  test  will  provide  additional  oppor- 
tunities to  evaluate  the  testing  process. 

4.2   Tlie  Effect  of  '-'oisture  on 
Degradation  and  Dry  'density 

A.  2.1   Review 

The  application  of  water  to  aid  the  compaction  of  shale  nateri- 
als  is  a  conunon  construction  practice.   A  conpacted  shale  embanlcr.cnt 
may  also  become  saturated  at  sone  point  in  its  service  life.   An  under- 
standing of  the  effect  of  moisture  on  shale  behavior  is  therefore  essen- 
tial for  the  successful  use  of  shale  as  a  construction  material. 

Research  in  rock  mechanics  has  provided  a  vast  amount  of  infor- 
mation concerning  the  effects  of  moisture  on  the  compressive  strength 
of  rock  specimens.   Krynine  and  Judd  (1957)  sumnarized  the  results  of 
several  research  programs  by  stating: 

'Saturation  decreases  the  conpressive  strength  of  a  roc':.   In  cne 
study  the  decrease  in  compressive  strength  because  of  a  vet  condi- 
tion was  12  per  cent  for  granite;  in  another  from  A  to  S  per  cent 
for  granite  and  marble  and  from  10  to  20  per  cent  in  layered  sand- 
stones, limestones,  and  slates.   The  higher  the  porosity — and  thus 
the  greater  chance  of  saturation — the  lov.'er  v.'ill  be  the  strength  of 
the  rock  when  saturated.   T'-'ere  is  a  iJefinite  relation  between  the 
percent  sorption  and  compressive  strength:   As  the  per  cent  sorption 
increases,  the  compressive  strength  decreases." 
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The    reduction    in    strength    caused  by   moisture    can   be    observed   in 
forms   of   testing  other  than    the    unconfined   compression    test.      Broch 
and  Franklin  (1972)  used   the   point    load   strength   test   to   demonstrate   the 
Strength   reduction   in   various   rock   cores  due   to   increasing  saturation 
with  water. 

Investigations    into   the   moisture   effect   on    shales  were    prompted 
by  the    frequent    collapses   of   the    shale    roofs    and    pillars    utilized   in 
coal  mines.      A  study  by   Parker    (1970)    linked   failures   of    the    shale 
roofs   in   the   White   Pine   mine   with   seasonal    fluctuations    in    the    shale 
moisture    content.      During   the    testing,    he    found  that   the    strength  of    a 
moist   shale  was  one-half  of   the   dry   shale    strength. 

Van  Eeckhout    (1976)    also   investigated  the    strength   reduction    due 
to  moisture   in   coal  mine   shales.      Specimens   of   shale  were   si±>jected  to 
various  degrees  of  humidity  ranging   from  0   to   100   per  cent.      The    corre- 
sponding  reduction    in    strength   varied   from  100    to    50   per   cent   of  the 
air-dried  value   as   the  humidity  increased. 

Bailey    (1976)    used  the   point   load   strength   test   to   evaluate   the 
relationship  between   moisture    content   and   shale    strength.      He    allowed 
the   moisture   values   to    range    from  zero    (oven-dried)    to   the   natural 
moisture    content   of  the    shale.      Bailey    (1976)    found   several   shales   that 
displayed  a  linear  decrease    in  strength   as   the   moisture   content   in- 
creased.     In   addition   to  the  moisture   relationship,    large   variations   in 
the  strength  values   for   the   oven-dried  samples  were  observed  and  attrib- 
uted to  the    formation   of   cracks    in    the    dried   samples. 

Increasing   the   moisture    content   of   a   ishale  by   adding  water  will 
cause   slaking   in   many   cases.      Slaking   is    loosely   defined   as    "the 
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crumbling   and  disintegration   of  earth   materials   v/htn   e}Q>06ed  to   air  or 
moisture"    (American   Geological    Institute,    1976). 

The   physical  properties    of    a   shale    such    as   the   mineralogy, 
porosity,    and   fissility  will    affect   the    cimount   of    slaking   that   may 
occur.      Surendra    (1979)    has    found    that   the    introduction   of   chemical 
additives   to   the   slaking    fluid   can    alter  the    amount   of   slaking    for    a 
given   shale   type. 

Several    theories   have  been   presented   to   fxplain    slaking    in 
dried   clays   and   shales.      Terzaghi    and  Peck    (1967)    stated    that   the    im- 
mersion  of   a  dried   clay   specimen    in  water  would   saturate   the    outer  por- 
tions  of    the    sarrf>le    and   trap   air   in   the    inner   portions.       Ttie    inner   air 
pressure   would   increase    and  produce    a  tensi  1  •' f ail ure   of   the    specimen. 

Chenevert    (1970)    proposed   that   slaking   was   a  result   of  the 
swelling  of  expansive    clay  minerals   when   exyjosod   to  water.      The   explan- 
ation by   Tschebotarioff    (1973)    was    also  bastd  on    swelling,    but  was  not 
restricted   to   expansive    clays.      He    stated   that    slaking  was   a   surface 
phenomenon  where   outer   layers   exposed   to  water   swelled   and   sloughed 
away   from  the    specimen.      The   process  was   then   repeated  on    the   newly 
formed   surfaces. 

The   work  by  Moriwaki    (1975)    on   artificially   sedimented   clay   sam- 
ples   indicated  that   slaking  was    caused  by  water   removing    the    cementing 
agents. 

The   true    cause    of   slaking   is   more    likely    a   combination    of  the 
above   explanations    (Surendra,    1979).      Whatever   the    cause,    the  breakdown 
of   shale   through   slaking  becomes    an    important   consideration   when   mois- 
ture   is    added   to   shale. 
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Bailey    (1976)    used   impact    compaction    tests    to    investigate    the 
moisture-density   relationship   of   shales.       In    general,    increasing   the 
moisture    content    resulted   in    an   increased   dry   unit   weight.      A   double- 
peaked   curve   was  observed    for   some   of   the    conpaction   tests   but   was   not 
specifically   investigated. 

Kneading  compaction   tests  by  Abeyesekera    (1978)    on  moistened 
but   uncured  samples   of   shale    demonstrated   increasing   dry   density  with 
increasing   amounts   of   added  water   for   some   of    the    samples.      This   trend, 
however,   was  not   consistent   and  varied   considerably  with    changes   in    com- 
paction pressure,    initial   gradation,    and   initial   aggregate   moisture   con- 
tent. 

Witsman    (1979)    performed   impact    compaction    tests   at   three    com- 
pactive   efforts  to  establish  the   moisture-density  relationships   for 
moistened  shale    samples    cured   24   hours.       The   results   of   the    tests   pro- 
duced moisture-density   curves   similar   to   the   Proctor   curves    for    co- 
hesive  soils. 

He    then    attert^ted   to   reproduce   the    curves   with   the    use   of  the 
kneading   compactor.      However,    no   single    value   of    compaction    foot  pres- 
sure  modeled   the    curves    from   the    impact  tests.      For  this    reason,    Witsman 
varied  the   foot  pressure   to  obtain   densities  matching  the  Proctor-type 
curves   for   a  given  moisture    level. 

4.2.2     Procedure   for  the   Analysis 
of  Moisture  Effects 
The   previous   discussions  provide   evidence   that   the    use    of  water 
during   compaction  will    increase    the    degradation   of   a   shale   through   a 
reduction    in    strength    and  slaking,    and  possibly    increase    the    density  of 
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the  sample.  A  series  of  tests  were  performed  to  evaluate  the  relation- 
ship between  the  moisture  content,  degradation,  and  dry  density  for  the 
three  test  shales. 

Samples  of  shales  weighing  8  kg  (17.6  IbJ  were  blended  to  fit 
gradation  A  (see  Figure  7) .   Distilled  water  was  added  while  hand  mix- 
ing the  saitple  to  approximately  obtain  the  desired  moisture  level.   The 
values  of  optimum  moisture  content  established  for  the  shales  by  the 
Indiana  State  Highway  Commission  on  minus  No.  4  material  were  not  con- 
sidered appropriate  for  samples  meeting  the  "A"  gradation.   Therefore, 
the  selected  moisture  levels  ranged  between  the  natural  moisture  content 
and  6%  wet  of  the  natural  moisture  level. 

The  moistened  sample  was  stored  in  a  sealed  plastic  bag  and 
cured  24  hours  at  room  temperature  to  allow  a  more  even  distribution  of 
the  moisture.   The  cured  sample  was  then  placed  in  a  pan  and  mixed 
once  again  to  avoid  any  aggregate  segregation. 

Adding  water  to  the  sanple  was  expected  to  cause  some  breakdown 
of  the  shale  through  slaking.  The  reduction  in  strength  resulting  from 
the  increased  moisture  content  was  expected  to  cause  increased  degrada- 
tion of  the  shale  during  compaction.  A  procedure  was  developed  to  sep- 
arate these  components  of  the  total  amount  of  degradation. 

Approximately  5  to  6  kg  (11.0  to  13.2  lb)  of  the  sample  were 
contacted  using  the  standard  compaction  procedure.   The  remaining  mater- 
ial (approximately  2  to  3  kg  (4.4  to  6.6  lb))  was  weighed  and  wet  sieved 
through  a  nest  of  sieves  with  mesh  sizes  of  19.1,  9.5,  4.8,  2.4,  1.2, 
0.6,  and  0.3  mm  (U.S.  Standard  Sieves  3/4  in,  3/8  in.  No.  4,  8,  16,  30, 
and  50) . 
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The  uncompacted  jxirtion  of  the  sample   was  assumed  to  have  a 
gradation  very  similar  to  the  initial  gradation.   With  this  assurption, 
the  change  in  gradation  measured  by  the  wet  sieving  would  indicate  the 
shale  degradation  that  had  resulted  from  the  application  of  water,  the 
sample  mixing,  and  the  actual  sieving  process. 

Regular  tap  water  was  used  for  the  wet  sieving  because  the 
amount  of  material  and  lumping  together  of  smaller  aggregates  required 
large  quantities  of  water  for  complete  washing.   The  minerals  in  the 
tap  water  were  not  expected  to  significantly  alter  the  general  trends 
of  the  shale  behavior. 

The  material  retained  on  each  sieve  was  placed  in  a  metal  tin 
and  dried  at  105 °C  for  2  4  hours. 

The  compacted  sample  was  trimmed  and  weighed.  The  trinmings 
and  a  small  portion  of  the  sample  were  used  to  evaluate  the  moisture 
content  for  both  the  compacted  and  the  uncompacted  shale. 

The  remainder  of  the  compacted  sample  was  then  weighed,  separ- 
ated by  hand,  and  wet  sieved  using  the  procedure  previously  described. 
Portions  of  the  sample  retained  on  each  sieve  were  placed  in  raetal  tins 
and  oven  dried  at  105  C  for  24  hours. 

The  dry  shale  was  weighed  after  the  24  hour  period.   The  grada- 
tions of  both  the  compacted  and  unconpacted  materials  were  based  on  the 
estimated  dry  weights  of  the  contacted  and  uncompacted  portions  of  the 
sample. 

TBie  Index  of  Crushing  (IC)  for  the  uncompacted  portion  was 
taken  to  represent  the  degradation  due  to  the  sample  preparation  and  wet 
sieving.   The  IC  of  the  compacted  portion  represented  the  total 
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degradation  of  t.hc  testing  process.   The  difference  in  the  two  IC  values 
was  assumed  to  be  a  measure  of  the  degradation  generated  by  the  conpaic- 
tion. 

4.2.3   Results  and  Discussions  of  Moisture  Effects 

Shales  represent  a  broad  transition  between  the  rock  and  soil 
materials  found  on  the  earth.   For  this  reason,  the  behavior  of  shales 
under  different  circumstances  will  also  represent  a  transition  between 
rock  and  soil  behavior. 

As  discussed  previously,  shales  experience  a  major  reduction  in 
strength  with  increasing  moisture  content  and  may  slake  when  exposed 
directly  to  water.   The  effect  of  moisture  on  the  durability  of  a  shale 
will  depend  on  where  that  particular  shale  lies  along  the  transition 
between  soil  and  rock.   The  test  shales  were  selected  from  a  class  of 
nondurable  shales  and  can  therefore  be  expected  to  fully  reflect  the 
effects  of  moisture.   However,  each  shale  lies  at  a  different  point 
along  the  transition  and  will  display  a  certain  amount  of  unique  be- 
havior in  the  relationships  between  moisture,  degradation,  and  dry 
density. 

The  effect  of  moisture  on  the  total  degradation  (the  Index  of 
Crushing  for  the  compacted  portion  of  the  sample)  is  illustrated  in 
Figure  29. 

The  New  Providence  shale  displayed  a  small  increase  in  degrada- 
tion which  leveled  off  and  eventually  decreased  at  the  highest  moisture 
content.   The  Osgood  shale  denonstrated  the  largest  increase  in  degrada- 
tion with  the  application  of  water.   However,  the  degradation  became 
constant  at  the  6%  moisture  level  and  was  not  affected  by  further 
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increases   in  moisture.      The  Palestine   shale   degradation   increased  quick- 
ly with  increasing  moisture.      Ihe   degradation  experienced  a  well-defined 
peak  at  the   10.8%  moisture   level  and  then   diminished  with   increasing 
moisture. 

The   attenpt  to  measure   the    degradation   due   to   the    san^jle   prepar- 
ation  and  wet   sieving  produced  results  which  were   erratic    and   s'jbject 
to   uncertainty.      The   poor  results  were   probably   caused  by   the   error 
induced  by  using  only  a  small  portion  of  the  total   sample.      Such   a 
situation    could  be    corrected  by   using   a   larger   amount  of   material    in   the 
initial  sanple   and  a  more   careful  separation  of  the    compacted  and 
uncompacted  portions. 

The   failure   to  establish  the   degradation   caused  by  the   sairple 
preparation  prevented  the    isolation   of   the   various    components   affecting 
the   total   degradation.      However,    a  measure   of  the    combined  degradation 
caused  by   slaking  and   increased  aggregate  breakage    is    still    useful 
since   both    components  will   exist    in   the    field   conditions. 

The    relationship   for  moisture    and   dry   density   is    displayed   in 
Figure    30.      The   New  Providence    shale    demonstrated   a  peak   density  value 
of  2004  kg/m      (12  3.6  pcf)    at   a  moisture   content  of  9.3%.      The   Palestine 
shale    demonstrated  a  peak   density  of   1986   kg/m      (122.5   pcf)    at   a  mois- 
ture   level  of   10.8%.      The   Osgood  however,    continued  to    increase    in 
density   over   the   range    of   moisture    contents    tested. 

Several   theories  have  been   presented  to   explain   the    character- 
istic moisture-density    curve    found   for   fine-grained  soils.      Ihe 
theories   are   summarized  by   Hilf    (1975)    as: 

1.      Proctor's    capillarity    and   lubrication    theory 
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2.  Hogentogler's   viscous  water  theory 

3.  Hilf  s   theory  of   capillary   and  pore    air   pressures 

4.  Lambe's   surface    chemicals    and  structural    theory 

5.  Olson's   effective    stress   theory 

6.  Barden    and  Sides'    theory    for  macropeds   of   soil. 

The   theories  by  Proctor,    Hogentogler,    and   Lambe    all   deal   with 
the    interaction   of   fine-grained  soils    and  water.      Itie    theories   by  Hilf, 
Olson,    and  Barden    and  Sides   basically   state   that   increased  density   is 
caused  by   a  reduction    in    the    shearing   strength  between    the    soil   part- 
icles.     The   theories  based  on   shearing  strength   are    in   general    agreement 
that  the   reduction   in  density  after  the   optimum  moisture    content   is 
reached  is  the   result  of  discontinuous   air  channels  which  trap   air 
voids   and  thus  prevent   further  densif ication. 

With  the  exception  of  the   theory  by  Barden   and  Sides,    the 
theories   presented  above   approach   compaction    in    terms   of   the   movements 
and   interactions  of   individual   soil   particles. 

For   shales,    the   primary   units  of   concern   are    individual    aggre- 
gates of  various   sizes   which   are    composed  of  many   fine-grained  particles. 
The   compaction   characteristics  of  the   sample  will   change   as   these   aggre- 
gates break  down;    an  effect  not   accounted  for  in   the    compaction   theories. 
Also,    the   significance   of   the   capillary   forces  or  pore   fluid  pressures 
on  the    larger  aggregates  within   a  shale   sanple   is   uncertain. 

Therefore,    the   theories  may  not  be   directly  applied  to  the  be- 
havior  of   shales.      However,    portions  of   the    theories   may   appear  as   the 
most   logical  explanation    for   the   moisture   effect   on    the    compaction   of 
shales    as   the   aggregates   break   down   into  small    domains. 
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Hodek  (1972)  presented  a  doformable  aggregate  model  to  explain 
the  behavior  of  statically  compacted  kaolinite.   The  work  by  Garcia- 
Bengochea  (1978)  on  pore  size  distribution  for  compacted  clays  provided 
evidence  supporting  the  deformable  aggregate  model. 

Additional  work  by  Hodek  and  Lovell  (1978)  established  a  model 
to  explain  the  moisture-density  curve  for  compacted  clays.   In  the 
model,  the  sample  material  is  conjposed  of  soil  aggregates  of  various 
sizes  and  moisture  contents.   For  constant  cjtiounts  of  mixing  water,  the 
aggregate  moisture  content  increases  as  the  aggregate  size  increases. 
The  gradation  of  these  aggregates  will  play  an  important  role  in  the 
compaction  process  by  defining  the  sizes  and  distribution  of  the  inter- 
aggregate  voids. 

The  inter-aggregate  voids  are  decreased  during  the  compaction 
process  by  the  rotation,  translation,  and  deformation  of  the  soil 
aggregates.   The  intra-aggregate  voids  are  reduced  to  only  a  minor 
degree  during  coirpaction. 

The  plasticity  of  the  soil  aggregates  increases  with  additional 
moisture,  allowing  further  densif ication  through  deformation.   However, 
further  increases  in  density  are  not  possible  once  the  air  channels 
within  the  mass  become  discontinuous. 

The  compaction  model  by  Hodek  and  Lovell  (1978)  closely  approxi- 
mates the  behavior  of  shales  during  compaction.   The  compaction  proper- 
ties of  a  shale  sample  will  be  influenced  by  the  size  and  distribution 
of  the  aggregates.   Also,  the  breakdown,  translation,  and  rotation  of 
the  individual  aggregates  will  increase  the  densification  of  the  sample. 
Some  amount  of  deformation  may  occur  although  the  plasticity  of  the 
shale  aggregates  will  not  be  as  great  as  for  the  soil  aggregates. 


92 


One    important    concept   must  be    considered   throughout   the   dis- 
cussion  on   the   moisture   effects.      The   moisture    content  of    a  graded 
shale  material    cannot  be    compared  directly  with   the   noisture    content  of 
a   fine-grained   soil.      Bailey    (1976)    found   that    the   moisture   contents 
for   the    individual   si^e   groups   of   a   soaked   gradation    ranged   from  10%   to 
60%   as   the   aggregate   size   decreased   from   19.1   mm    (0.75    in)    to   0.3  mm 
(0.01   in).      This    is  not   surprising   due    to   the    larger   surface    area   a.nd 
thus   greater   absorption   and   adsorption    capacity    for  the    finer   pieces. 
Also,    the  moisture   gradient   from  the   outer   surface   to   the    center   of   an 
aggregate  will   depend  on  the   aggregate    size,   porosity,    and  pore   size 
distribution. 

Therefore,  the  moisture  value  given  for  a  particular  sample  is 
at  best  an  average  value  for  all  the  individual  aggregates  in  the  sam- 
ple. 

Independent   discussions  of  the   degradation    and   dry   density   are 
not   effective   in   evaluating  the   moisture   effect   since    several    factors 
exist  which   closely   link  the    two   characteristics.      However,    the    dif- 
ferences   in   the   materials  warrant   an    individual   analysis   of  each   shale 
type. 

The   Osgood  shale   demonstrated   a   substantial   increase    in    degrada- 
tion when  water  was    added.      The   corresponding   increase    in    density   could 
be   related  to  the   greater  number  of  medium  and   small   size    aggregates 
created  by   the    slaking   and  increased  breakage   of   the    shale    since    a 
major  effect  of    capillary  or   pore   water  pressures   on    the   predominately 
coarse-grained   shale    samples   seems   unlikely. 
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The  degradation  of  the  Osgood  shale  remained  constant  with  in- 
creasing moisture  content  above  the  6%  level.   ITiis  can  be  expledjied  by 
the  limited  amount  of  water  the  shale  could  absorb  in  a  24  hour  period. 
Any  additional  water  in  the  sample  essentially  did  not  contribute  to  the 
strength  reduction  or  slaking  of  the  shale. 

The  dry  density  however,  continued  to  increase  with  additional 
moisture.  Such  behavior  indicates  that  factors  other  than  slaking  and 
additional  degradation  were  affecting  the  density. 

For  the  Osgood  shale,  the  water  that  was  not  absorbed  into  the 
aggregates  remained  on  the  surface  of  the  individual  pieces.   This  ad- 
sorbed water  created  a  moist,  clay  film  around  each  piece  and  served  as 
an  intergranular  lubricant.   A  much  higher  state  of  packing  was  ob- 
tained by  reducing  the  frictional  forces  between  the  aggregates.   Addi- 
tional water  at  the  highest  moisture  level  was  available  to  create  a 
clay  film  on  the  unmoistened  surfaces  of  the  fragments  produced  by  the 
fracturing  of  the  large  pieces.   The  ability  to  lubricate  the  increased 
number  of  aggregates  formed  by  the  degradation  process  resulted  in  even 
higher  dry  density  values. 

The  Palestine  shale  was  the  softest  and  most  porous  of  the  test 
shales.   Most  of  the  water  added  to  increase  the  moisture  content  was 
absorbed  by  the  shale.   Excessive  moisture  appeared  as  adsorbed  water 
on  the  aggregates  only  at  the  highest  moisture  level. 

The  degradation  of  the  Palestine  shale  increased  substantially 
with  each  increase  in  moisture  content  up  to  the  10.8%  level.   The  cor- 
responding increases  in  dry  density  were  primarily  a  direct  result  of 
the  more  dense  packing  made  possible  by  the  formation  of  medium  and 
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small   size   aggregates.      The   absence   of  excessive  water  on   the   surfaces 
of   the    aggregates   would  have   limited   the   effect   of   intergranular   lubri- 
cation   among   the    large    and  mediuin  size   pieces.      However,    the   presence 
of  water  within    the    sample   may  have   provided   an    important   amount  of 
lubrication    for  the   fine    aggregates. 

At   the   highest  moisture   level    (14.5%),    excess  water  was  observed 
on    the    aggregates.      During   compaction,    the    sanple   began    to  heave   with 
every  drop  of  the   rammer   and  displayed  a  decrease   in   dry  density.      Sim- 
ilar behavior  is   found  in   cohesive   soils   very  wet   of  optimum  and  is 
presently  associated  with  trapped  air  voids  within   the   sample. 

Two   interesting  points   can  be   developed   from  the   assunption   that 
the  behavior  of  the  wet  Palestine   shale   during   compaction  was  the   result 
of  occluded  air   voids.      First,    the    trapped   air  voids   would   actually 
carry  some   of  the   compactive   loads   and  in  effect,    cushion   the    aggre- 
gates.     This  would  explain  the  reduced  degradation  observed  for  the 
Palestine  shale   at  the   13.1%  moisture   level. 

Second,   the   Palestine   shale   at  the  highest  moisture   level  be- 
haved very  much    like    a  cohesive   soil.      Ttiis  would   indicate   that  the 
shale   had  moved   closer  to   a   soil-like  material    from  its  original   posi- 
tion  along   the   soil-rock   transition. 

The  New  Providence   shale  was   classified   as   the   most   durable    of 
the   test   shales   based  on    the    results   of  the   two    cycle    slake    durability 
index  reported  by   the    Indiana  State   Highway   Commission.      The    addition 
of  water   to  the  New  Providence    shale    increased  both   the   degradation    and 
density   although  not   to  the   extent  observed   for  the   Palestine    shale. 
The   degradation   and  density  began    to   decrease    as   the   moisture    content 
increased  further. 
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The  physical  features  of  Increased  degradation,  Intergranular 
lubrication,  and  occluded  air  voids  used  to  explain  the  compaction  be- 
havior of  the  Palestine  shale  existed  for  the  V.ew   Provlf^ence  shale  as 
well.   However  the  greater  durability  of  the  New  Providence  shale  lim- 
ited the  effect  of  these  moisture-related  features. 

4. 2. A   Conclusions 
Several  conclusions  may  be  dra^-m  from  the  results  and  dis- 
cussion of  the  moisture  effect  on  shales.   Tlie  conclusions  are  summar- 
ized below, 

1.  An  increase  in  moisture  content  will  increase  the  total 
degradation  of  a  shale  up  to  a  limited  value  for  a  given 
corapactive  effort. 

2.  Control  of  the  shale  moisture  content  by  thorough  mixing  with 
water  and  adequate  cure  time  will  increase  the  density  up  to  a 
limited  value  for  a  given  compactive  effort. 

3.  The  extent  of  the  moisture  effect  on  a  shale  will  depend  on  the 
physical  properties  of  the  shale  such  as  the  magnitude  and  dis- 
tribution of  porosity,  the  mineralogical  composition,  and  the 
durability. 

4.  A  shale  represents  a  material  intermediate  between  rock  and  soil, 
and  can  approach  a  more  soil-like  material  during  the  compaction 
process  with  increasing  moisture  content.   The  amount  of  change 

a  shale  will  experience  during  compaction  is  a  function  of  the 
shale  properties  and  the  moisture. 
The  use  of  water  to  aid  field  compaction  must  be  approached 
carefully  due  to  the  problems  encountered  with  large  aggregates, 
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inadequate  mixing,    and   inadequate    curing.      However,    the   results   of   the 
analysis   on   the    relationships  of  moisture,    degradation,    and  dry   density 
may   still   be    useful   in   understanding   and   iirproving    the    field   compaction 
of  shales. 
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5.   TESTS  TO  PREDICT  SHALE  DEGRADABILITY 

5. 1   The  Use  of  the  Standard  Impact  Test  as  a 
Measure  of  Shale  Degradability 

5.1.1   Introduction 

The  hard  but  nondurable  shales  present  special  problems  m  com- 
pacted shale  embankments.   The  large  pieces  which  are  not  degraded 
during  compaction  can  lead  to  the  presence  of  large  voids  in  the  fill. 
During  the  wetting  and  drying  cycles  of  the  embankinsnt,  the  shale 
pieces  disintergrate  and  collapse  into  the  voids.   According  to  Wood  et 
al.  (1978)  the  resulting  disruption  in  drainage  accelerates  fill  settle- 
ments. 

Construction  of  embankments  with  nondurable  shales  generally 
requires  special  efforts  to  thoroughly  degrade  the  material  in  an  at- 
tempt to  minimize  the  potential  hazards.   A  laboratory  test  which  could 
predict  the  degradability  of  a  shale  would  be  helpful  in  assessing  the 
amount  of  extra  effort  and  the  type  of  compactive  equipment  that  would 
be  required  during  construction. 

The  standard  impact  test  developed  from  this  testing  program 
could  serve  as  an  index  test  to  measure  the  degradability  of  a  shale. 

5.1.2   Procedure  and  Results 
The  results  from  the  impact  compaction  tests  for  the  initial 
testing  sequence  were  compared  for  the  790  kN-m/m   (16,500  ft-lb/ft"^) 
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effort  level.   The  tests  performed  at  this  level  demonstrated  sufficient 
repeatability  and  avoided  the  problems  of  sample  separation  associated 
with  the  higher  effort  levels.   The  samples  were  all  blended  to  fit 
gradation  A  and  were  tested  at  their  natural  moisture  ccntents. 

The  average  Index  of  Crushing  (IC)  for  each  shale  is  given  in 
Table  6. 


Table  6.   Average  Index  of  Crushing  (IC) 


SHALE 


IC  (%) 


NEW  PROVIDENCE 


37.6 


OSGOOD 


25.1 


PALESTINE 


51.8 


The  representative  aggregate  size  distribution  for  each  shale  is  illu- 
strated in  Figure  31. 


5.1.3  Discussion 

A  successful  index  test  based  on  the  degradability  of  shales 
must  be  able  to  differentiate  among  various  shales.   The  standard  com- 
paction procedure  developed  in  this  testing  program  demonstrated  such  a 
capability  in  both  the  Index  of  Crushing  and  the  aggregate  size  dis- 
tributions for  the  three  test  shales. 

The  effects  of  compactive  effort,  initial  gradation,  and  maximum 
size  have  been  discussed  in  previous  sections.   It  was  demonstrated 
that  a  change  in  any  one  of  these  variables  would  change  the  degradation. 
Therefore,  the  sample  and  conpaction  variables  must  be  held  constant  for 
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an  index  test  which  would  be  used  to  measure  degradahility  and  eventual- 
ly to  classify  shales. 

The  790  kN-m/m^  (16,500  ft-lb/ft^  effort  level  is  reliable  and 
should  be  retained  for  the  degradability  index  test.  The    "A"  gradation 
with  its  exponential  cumulative  gradation  curve  and  38.1  nun  (1.5  in) 
top  size,  provides  a  reasonable  model  for  the  gradations  which  may  be 
encountered  during  the  construction  of  a  compacted  shale  errbankment. 

However,  the  entire  "A"  gradation  is  not  completely  necessary. 
Con^jaction  tests  were  performed  on  sainples  containing  only  the  top  four 
size  groups  of  gradation  A  (38.1  -  19.1  mm  (1  1/2  -  3/4  in),  19.1  -  9.52 
mm  (3/4  -  3/8  in),  9.52  -  4.76  mm  (3/8  -  No.  4  sieve),  4.76  -  2.38  mm 
(No.  4  -  No.  8  sieve)).   The  amount  of  shale  used  for  each  of  the  four 
size  groups  was  identical  to  the  amount  used  for  the  corresponding  size 
groups  in  the  entire  "A"  gradation. 

The  results  from  the  compaction  tests  using  saitples  with  partial 
gradations  are  given  in  Table  7.   The  Index  of  Crushing  (IC)  results 
for  the  partial  gradation  sairples  can  not  be  directly  compared  with  the 
IC  values  in  Table  6  due  to  the  differences  in  moisture  content  and 
initial  gradation  among  the  samples.   However,  the  results  in  Table  7 
indicate  that  the  partial  gradation  may  be  successfully  used  in  a  test 
to  measure  shale  degradability. 

Using  the  partial  "A"  gradation  simplifies  the  testing  procedure. 
The  use  of  only  the  four  top  sizes  also  emphasizes  the  role  of  the 
larger  shale  pieces  in  the  degradation  process  and  may  therefore  lead 
to  a  more  distinct  classification  among  shales.   For  these  reasons,  the 
partial  "A"  gradation  is  recommended  when  using  the  standard  impact  test 
to  classify  the  degradability  of  a  shale. 
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Table  7.   Index  of  Crushing  (IC)  for  Samples  with  Partial  "A"  Gradation. 


SHALE  NEW  PROVIDENCE  OSGOOD  PALESTINE 

IC  (%)  37.6  14.2  54.7 


Moisture  will  also  affect  the  degradability  of  a  shale.   The 
testing  of  all  shales  at  a  standard  moisture  level  would  provide  a  more 
accurate  method  of  comparing  the  materials.   However,  a  standard  nois- 
ture  level  is  difficult  to  establish  for  shales.   Drying  all  shales  to 
zero  moisture  content  would  establish  such  a  moisture  standard.   However, 
Bailey  (1976)  reported  the  formation  of  cracks  in  samples  oven  dried  for 
the  point  load  strength  test.   Large  variations  in  the  strength  index 
were  attributed  in  part  to  these  cracks.   Based  on  these  observations, 
the  formation  of  cracks  in  the  aggregates  during  the  drying  process 
could  produce  large  variations  in  the  degradability  of  a  sample.   Also, 
the  degradability  of  a  shale  at  zero  moisture  content  would  be  difficult 
to  correlate  with  the  degradability  of  the  same  material  at  its  natural 
moisture  content  during  field  compaction. 

Complete  saturation  could  also  be  considered  as  a  standard 
moisture.   However,  the  serious  effects  of  moisture  on  shales  (slaking 
and  strength  reduction)  eliminate  this  alternative. 

The  natural  moisture  level  appears  to  be  the  most  realistic 
standard.   Although  the  natural  moisture  contents  will  vary  somewhat 
among  the  shales,  this  level  will  allow  the  classification  of  shales 
for  their  in-situ  moisture  conditions.   By  using  the  natural  moisture 
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level,  correlations  between  the  index  test  and  field  degradation  should 
be  easier  and  the  problems  of  noisture  manipulation  can  be  avoided. 

5.1.4   Summary 
The  successful  acceptance  of  an  index  test  requires  a  great 
deal  of  experience  and  field  correlation.   The  standard  variables  sug- 
gested for  the  degradation  test  may  be  altered  to  bring  the  test  and 
field  observations  closer  together.   The  test  suggested  by  this  program 
should  therefore  be  considered  the  first  model  and  not  the  finished 
product  for  the  degradation  index  test. 

5.2   The  Use  of  the  Point  Load  Strength  Ttest 
in  Predicting  Shale  Degradability 

5.2.1  History  of  the  Point  Load  Strength  Test 
The   uniaxial  and  triaxial  compression  tests  are  widely  accepted 
methods  of  determining  the  strength  of  rock.   However,  the  sample  prepar- 
ation necessary  to  obtain  the  required  specimen  size  and  shape  generally 
limits  the  use  of  the  test  to  the  stronger  rock  materials  which  can 
withstand  the  preparation  techniques  and  are  not  broken  down  by  water. 
The  sides  of  the  finished  specimens  must  also  be  free  of  abrupt  irregu- 
larities (ASTM  D2938-71) . 

The  specimen  requirements  greatly  restrict  the  use  of  conven- 
tional compression  tests  for  shales  and  other  weak  rocks.   To  overcone 
this  problem,  Hobbs  (1964)  extended  the  initial  work  by  Protodyakov 
and  Voblikov  and  developed  a  compression  test  for  irregular  lumps  of 
rock.   The  test  required  no  special  sample  preparation  and  was  performed 
by  crushing  the  specimen  between  two  loading  platens.   A  piece  of  carbon 
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paper   and   a  piece    of  graph  paper  were   placed  between    the    speclr^n    and 
each  platen    to   measure    the    contact    area. 

^e    test    developed  by  Hobbs    (1964)    was   successful    in   estimating 
the    compressive   strength  of  wea.   rocK ,    but    the   process   of   measuring   the 
contact   area  was   ti:„e    consuming.      Broch    and   PranKlin    (1972,    suggested 
the    use   Of   a  point   load   to   simplify  the    testing  of   irregular    specimens. 

^e    use   of   a  point   load  had  previously  been   established   as   an 
indirect  tensile   test    for   cylinders  and  dis.s.      ^n  experimental   study 
by  Reichmuth    (1968)    used   the   point   load  test   to   establish    a  basic   ex- 
pression  for  tensile   strength.      ^e  expression   included   a  shape    factor 
to  provide   a  better   correlation  between    the   different   sizes    and   shapes 
Of   specimens.      ^e   egression   also   included   a   factor    for  material 


brittleness. 


According  to  Broch  and  Franklin  (1972),  other  researchers  used 
the  point  load  testing  of  cores  to  establish  correlations  with  blasting 
properties,  drilling  rates,  and  weakness  planes  in  rock.   ^e  work  by 
Hiramatsu  and  Oka  (1966)  established  a  mathematical  model  for  the  state 
of  stress  in  specimens  under  point  loading. 

The  testing  procedure  developed  by  Broch  and  Franklin  confined 
the  aspects  of  point  loading  and  the  use  of  irregular  specimens.  .^ey 
found  that  the  specimen  size  and  shape  effects  were  more  severe  for 

cise  for  those  conditions.   Broch  and  Franklin  (1972)  concluded  that 
despite  the  reduced  accuracy,  the  point  load  strength  (Pl^)  test  on 
irregular  lumps  was  a  suitable  method  for  strength  classifications  of 


rocks. 
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The  point   load   index    (I^)    developed  by  Broch    and   Franklin    (1972) 


was  based  on   the    formulation      I^   =   p/d        where      P      is    the    failure    load 
and     D     is   the   initial  distance  between    the    loading  points.      Ihe   index 
and   testing  procedure   were   adopted  by   the    International    Society  of   Rock 
Mechanics    in    1972.      Additional   work  by    Guidicini    et    al.     (1973)    and 
Bieniawski    (1975)    added  support    to   the   application    of   the   point    load 
index   in    rock  mechanics,    mining,    and  engineering   geology. 

The    large    variations   in   strength   resulting   from  the    shape    and 
size   effects   of   irregular    luirps   often    limited   the   point   load   strength 
(PLS)    test   to   cores   or  disks.      Brook    (1977)    suggested  a   method  of   over- 
coming size    and   shape   effects  when   he    observed  that   the    log   -    log     plot 
of   the    failure    load  vs.    the    sample    fracture    area   gave    a    linear   relation- 
ship.     Brook's   strength   index  was  based  on    the   PLS   value    for   a   standard 
area. 

5.2.2      Features    of    the   Point   Load  Strength   Test 
The   point    load   strength    (PLS)    test  has   several   advantages.      Ir- 
regular specimens  which  do  not  require   special  preparation   may  be   used. 
The   test  may  be   performed  quickly   and   inexpensively.      The    test    is    simple 
enough   that   portable   testing  equipnent  may  be    successfully   developed. 

The    combined   features   of    the   PLS   test   are   especially   suited   for 
testing   shales.      The   elimination  of   special    sample   preparation    allows 
the    testing  of  weak   or  thinly    laminated  shales.      The    time   saved  by 
avoiding  sample  preparation,    along  with   the    short   duration   of  the    actual 
test,    makes   the    testing  of   a  large   number  of   samples    feasible.      Wiis 
capability  is   important   considering  the  natural  variations   found  in 
shales.      The   short  time   required  to  test   an   individual  specimen   also 
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reduces  tlxe   changes  in  sample  moisture  content  which  may  occur  during 
testing.   The  use  of  portable  equipment  allows  the  testing  of  shales 
during  the  subsurface  investigation  programs  and  at  the  construction 


site. 


The  basic  failure  mechanism  in  the  PLS  test  is  the  development 
of  tensile  stresses  normal  to  the  loaded  diameter.   A  zone  of  compres- 
sive stresses  exists  near  each  loading  point  resulting  in  localized 
crushing.   The  crushing  is  a  material  characteristic  which  is  auto- 
matically included  in  the  test  and  will  not  significantly  affect  the 
results  as  long  as  the  size  of  the  loading  points  remains  constant.   Ihe 
"point"  load  is  distributed  over  a  slightly  greater  area  as  the  amount 
of  crushing  increases.   The  increase  in  area  is  not  significant  since 
the  critical  failure  zone  initiates  in  the  center  of  the  specinvsn  ar.d 
is  not  greatly  affected  by  the  surface  conditions.   (Bailey,  1976) 

5.2.3  Special  Problems  When  Testing  Shales 
The  physical  characteristics  of  shales  which  cause  problems  in 
the  construction  of  embanknents  also  create  problems  in  the  point  load 
strength  (PLS)  test.   Sample  moisture  content  is  one  such  problem.   Pre- 
vious work  by  Bailey  (1976)  shown  in  Figure  32  indicated  that  over  a 
narrow  range  of  moisture  contents,  shale  strength  (as  measured  by  the 
PLS  test)  increased  as  the  moisture  decreased  from  the  natural  moisture 
content  to  the  oven  dry  state.   An  increase  of  moisture  was  impractical 
due  to  the  slaking  of  shale  saitples.   Conversely,  Bailey  found  that 
drying  out  of  samples  resulted  in  the  development  of  weakening  cracks. 
These  problems  favor  the  evaluation  of  the  Pl£   index  at  the  natural 
noisture  content. 


106 


4000 


fX 


z 

UJ 

a: 
</i 

o 

< 
o 

_l 


o 

Q. 


3200 


2400 


1600 


800 


J| 


I 

X' 
-I    X 

J , 

"I 

'J 

X,     „x 

I*. 


0 


x    X 
I 

x       X 
»x    X 

I»  X 
I        >       I    X 

X        X 
X  X 

«     XX 
X        XX 
X  X 

XX,    I 


X    X 

XX 


X      X 


I    X  XX 

XX  »  X      XKXX  X  XX 

t       t  ti  I      I    X 

X  "   "X  ><   Xj  ..  X     v"  »«».      X. 


X,     ,  X     I 


8 


10 


WATER      CONTENT      (%) 


FIGURE     32 


VARIATION    IN    POINT    LOAD     STRENGTH 
WITH     WATER     CONTENT     FOR     ALL 
SHALES      TESTED 

(AFTER      BAILEY  ,  1976) 
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Shales  exhibit  stratification  and  bedding  planes.  The  type  of 
stratification  and  the  thickness  of  the  bedding  planes  affect  both  the 
fissility  of  the  shale  and  the  strength  characteristics  during  the  PLS 
test.  Based  on  the  sedimentary  structure,  shales  may  display  spall ing 
or  even  a  form  of  successive  failure  as  thin  beds  near  the  loading 
points  fail  individually.  For  such  shales,  the  definition  of  failure 
load  is  arbitrary. 

Sainples    for  the  PLS   test   require  no  special  preparation.      How- 
ever,   experience   has    shown    that    sample    size   has    a  major   effect  on    the 
PLS   index    (Brook,    1977).         The   pieces   selected   for   testing   should  be 
roughly  equidimensional    (Broch    and   Franklin,    1972).         Since    the 
fissility  of   a  shale    tends   to  produce    flaggy   or  platey,    rather   than 
bulky,   pieces,    obtaining  samples   of    uniform  size  becomes   difficult. 

5.2.4     Size  Effect   in  Testing  Shales 
Although  the   size  effect   in   the  point  load  strength  test  has 
been  well-documented  for  a  variety  of  rock  materials,    no   definite   explan- 
ation  has  been  established.      Most   current  theories   relate   the   size 
effect  to  the  state   of  stress  within   a  sairple   and  the   failure  mechanism 
of  point  loading.      Other  researchers  have  noted  that   the   size  effect 
varies   for  different  rock  types    (Franklin,    1979). 

To  evaluate   the   size   effect   in   shales,    approximately  150   samples 
were  prepared  from  the  New  Providence  and  Attica  shales   of  Indiana  for 
point  load  strength    (Pi£)    testing.      The   samples  varied  in   thickness   from 
5.0  mm    (0.20   in)    to    38.0  mm    (1.5    in).      The    data   from   the   tests   were 
grouped  into   size   ranges  of  6.4  mm   (0.25   in)    and  are  presented  in 
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Table  8.   As  shown  in  Figure  33,  the  mean  value  of  the  PLS  index  from 
each  size  group  decreased  as  the  sample  size  increased. 

5.2.5  Laboratory  Testing 
Samples  of  the  test  shales  (New  Providence,  Osgood,  and 
Palestine)  were  prepared  for  point  load  strength  (PLS)  testing.   The 
results  of  the  size  effect  study  had  indicated  that  the  variation  in 
the  PLS  index  reduced  as  the  sample  size  increased.   Also,  the  higher 
failure  loads  associated  with  larger  samples  could  be  more  accurately 
monitored  from  the  loading  device.   For  these  reasons,  the  samples  were 
prepared  as  large  and  uniform  as  possible. 

The  PLS  test  apparatus  vised  in  the  study  is  shown  in  Figures 
34  and  35.   The  lower  platen  and  two  guide  bars  are  supported  by  a  rigid 
base.   The  upper  platen  is  fastened  to  a  guide  plate  which  slides  freely 
along  the  guide  bars.   The  platens  are  spherically  tipped  cones  made  of 
case  hardened  steel,   ihe  dimensions  of  the  platens  conform  to  the 
standards  of  the  International  Society  for  Rock  Mechanics  (1972) . 

The  entire  PLS  apparatus  was  placed  between  the  platens  of  a 
compression  testing  machine  for  loading.   Samples  with  apparent  bedding 
were  placed  in  the  PLS  apparatus  so  that  the  load  would  be  applied  per- 
pendicularly to  the  bedding  planes.  This   was  the  direction  of  greatest 
strength  for  sudi  shale  types.   After  placing  a  sample  between  the 
points,  a  small  seating  load  was  applied,  and  an  initial  reading  of  the 
apparatus  dial  gage  was  used  to  calculate  the  sample  thickness.   The 
samples  were  tested  at  their  natural  moisture  contents  and  subjected 
to  a  loading  rate  of  0.03  cm/min  (0.01  in/min) .   Both  load  and  sample 
deformation  were  monitored  at  regular  time  intervals  using  readings 
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Table    8.      Size   Effect   on   Point    Load   Strength   Val 


uej 


SHALE 

SIZE   RANGE 

t^UMBER  OF 
SAMPLES 

PLS   VALLT3 

MEAN 

STWIDAJO) 

COEFFICIENT 

(la.) 

VALUE 

DEVIATION 

VARI.\TION   OF 

ItPa 

MPa 

m 

(psi) 

(psi) 

NEW 

PROVIDENCE 

5.0      TO    12.7 

25 

18.79 

6.59 

35 

(0.20  TO      0.50) 

(2724) 

(956) 

12.8      TO    19.0 

29 

8.81 

3.55 

40 

(0.51   TO     0.75) 

(1277) 

(515) 

19.1     TO   25.4 

1"* 

4.17 

1.77 

42 

(0.76  TO      1.00) 

(    604) 

(256) 

25.5      TO   31.3 

5 

3.03 

1.28 

42 

(1.01   TO      1.25) 

(   439) 

(185) 

31.9     TO   38.1 

7 

1.81 

n.54 

30 

(1.26  TO      1.50) 

(   252) 

(    79) 

ATTICA 

6.3     TO   12.7 

12 

8.21 

2.54 

31 

(0.25   TO     0.50) 

(1190) 

(368) 

12.8     TO   19.0 

22 

4.74 

2.10 

44 

(0.51  TO     0.75) 

(   687) 

(305) 

19.1     TO  25.4 

19 

2.82 

0.88 

31 

(0.76  TO      1.00) 

(   409) 

(127) 

25.5     TO   31.8 

9 

1.95 

0.39 

20 

(1.01  TO      1.25) 

(   283) 

(   56) 

31.9     TO   38.1 

5 

1.43 

0.41 

29 

(1.26  TO      1.50) 

(   207) 

(   59) 
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DIAGRAM       OF   POINT    LOAD  TEST 
APPARATUS 

(AFTER     BAILEY  ,   1976) 
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FIGURE    35    POINT    LOAD    STRENGTH 
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from  the  load  gage  of  the  compression  machine  and  from  the  dial  gage 
of  the  PLS  apparatus. 

All  of  the  shale  pieces  tested  eventually  broke  completely. 
However,  to  account  for  the  successive  failure  displayed  by  some  samples, 
the  failure  load  was  taken  as  the  maximum  load  that  had  occurred  any 
time  during  the  loading  process.   The  deformation  corresponding  to  the 
maximum  load  value  was  either  obtained  directly  or  estimated  from  the 
recorded  data. 

5.2.6   Results  and  Discussion 
The  results  of  point  load  strength  (PLS)  tests  conducted  by 
Bailey  (1976)  on  eighteen  different  shales  provided  evidence  that  the 
PLS  test  was  sensitive  to  small  strength  variations  in  shales.   Bailey 
(1976)  concluded  by  stating; 

"In  summation,  point  load  strength  testing  appears  to  be  an 
adequate  method  of  measuring  the  strength  of  shale  pieces.   This 
strength  measure  may  prove  to  be  correlatable  with  such  embankment 
construction  parameters  as  ease  of  excavation  and  degradation  due 
to  coitpaction.  " 

The  hypothesis  adopted  for  this  testing  sequence  was  that  the 
PLS  test  could  provide  a  strength  parameter  indicative  of  the  resistance 

of  the  material  to  degradation.   The  value  commonly  produced  from  the 

2 

PLS  test   IS   the   index     P/D       where     P     is  the   failure   load  and     D     is 

the    initial   sample    thickness.      The    results    from  the   PLS    and   standard 
compaction-degradation   tests    are    given    in   Table    9.       The   PLS   values   were 
rather   similar   and  did  not   correspond   to   the    order   or   range    of   Index  of 
Crushing    (IC)    values   observed   for   the   three    shales. 
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Table   9.      Results  of  Point   Load  Strength   and  Degradation    Tests 


Shale 


New  Providence 


PLS    Tests 

Degradation 

Average                             Index 

IC 

Sanple                                       2 
Thickness                       ^^^ 

(%} 

cm                                   MPa 

(in)                                   (psi) 

4.57                                    0.35 

37.6 

(1.8)                                (50.8) 

Osgood 


5.08 
(2.0) 


0.31 
(44.7) 


25.1 


Palestine 


3.56 

(1.4) 


0.30 
(42.9) 


51.8 


Smaller  samples  may  allow  a  greater  delineation  among  shales. 
However,  decreasing  the  sample  size  could  introduce  additional  variation 
and  increase  the  size  effect.   Also,  a  minimum  sample  thickness  may 
exist  where  the  zones  of  compressive  stresses  and  the  critical  region 
of  tensile  stresses  within  the  sample  begin  to  influence  each  other. 
An  overlapping  of  the  zones  could  alter  the  failure  mechanism  and  in 
essence  change  the  principles  of  the  PLS  test.   With  these  potential 

problems,  the  testing  of  larger  sairples  was  preferred.   However,  the 

2 
P/D  values  from  the  larger  sairples  were  judged  to  be  insufficient  for 

predicting  shale  degradability. 
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With   the   rejection   of   the   P/D     values,    another  parameter   that 

could  be   obtained   from  the   PLS   test  was   necessary.      Since   both   the 

load   and  the    distance   between    the    conical   points   were  monitored  during 

the   PLS   testing,    a   term  reflecting   the   work    required   for   failure    could 

be   calculated. 

The    changing  distance   between   the    loading  points  was   viewed  as 
a  form  of  deformation  which  represented  a  combination   of  the   elastic 
and  plastic   strain   of  the    shale    and   the  penetration   of   the    loading 
points   due    to    localized   crushing.      Although   the   penetration   may  not  be 
considered  a  true   deformation,    it   reflects   a  material  property  of   crush- 
ing resistance   and  therefore  was    included  in   the   strength  parameter. 

A  plot  of  the    load-deformation   relation   proved  to  be   essentially 
linear,    and  a  work   input  parameter  was  then   calculated  from; 

WI   =  i   (p  X  Def.) 

where     WI      is  the  work   input,      P     is  the   failure   load,    and     Def.      is   the 
sample   deformation  as  previously  defined  at  that  load.      The   results  of 
the    calciilations   for   the  work   input  parameter   are    compared  with  the 
shale   degradaticffi   values    in    Table   10.    The   similar   values   of   the   work 
input  parameter    for   the  New  Providence    and  Palestine    shales   did  not 
accurately  reflect   the    difference    in   degradation   properties   of   these 
materials.      Materials  with  very  different   failure    loads   and  deformation 
characteristics  may   ultimately  include   equivalent   areas    under  their 
load-deformation    curves. 

Observation   of   the    load-deformation    relationships    for   each 
shale    indicated   that   the   concept   of  the   slope   of   the    resulting  plot. 
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Table  10.   Comparison  of  Work  input  and  Shale  Degradation  Values 


Shale  Work      Input 

N  -  m 
(in  -  lb) 


IC 

(%) 


New  Providence  0.659 

(5.83) 


Osgood  0.356 

(3.15) 


37.6 


25.1 


Palestine  0.664  51.8 

(5.87) 


rather  than   the    area   under   the   curve,    might   provide   a   suitable   parameter. 

2 
Using   the   P/D     value    as   a   stress   term  and      Def./D     as    a   strain   term,    a 

general   form  of   a  modulus   [(P/D  )/(Def./D]  was  established  as   a  material 
characteristic.      A  comparison   of  the  Modulus  and  degradation   values   is 
given    in   Table    11. 

The   Modulus   term  matches   both   the   order   and  range   of   degradation 
values.      A  regression    analysis  performed  on    the    data  produced   an   ejQsonen- 
tial    curve  with  the   equation   below   for   the    Modulus  e35)ressed   in   MPa. 

In    IC  =   -4.7691   X  10~^    (Modulus)    +4.10 

The    following  equation   is   used  for  the   Modulus  expressed  in  psi. 

In    IC  =   -3.289   x   lo"'^    (Modulus)    +4.10 
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Table  11.   Comparison  of  Modulus  and  Shale  Degradation  Val 


ues 


Shale  Modulus 

MPa 
(psi) 


IC 
(%) 


New  Providence  9.44 

(1369) 


Osgood  18.49 

(2681) 


Palestine  3.38 

(490) 


37.6 


25.1 


51.8 


2 


The  above  relationships  had  an  R  value  of  0.998.   A  plot  of  the  expres- 
sion given  in  Figure  36  provides  a  graphical  solution  for  the  relation- 
ship between  Modulus  and  IC  values. 

Although  the  curve  was  based  on  limited  data,  predictions  of 
the  Index  of  Crushing  (ic)  from  some  limiting  Modulus  values  seem 
reasonable.   The  upper  bound  of  the  IC  as  the  Modulus  approaches  zero 
is  appropriate  for  the  set  of  conditions  used  in  the  standard  compaction- 
degradation  tests.   The  equation  also  gives  reasonable  lower  levels  of 
the  IC  for  the  higher  Modulus  values  possible  in  stronger  shales. 

5.2.7  Summary 
The  point  load  strength  (PLS)  test  appears  to  be  useful  as  an 
indicator  of  aggregate  strength  for  shales.   The  Modulus  determined 
from  this  test  provided  the  best  correlation  with  degradation  values 
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and  led  to  the  formulation  of  a  reasonable  prediction  equation  for  the 
Index  of  Crushing. 

The  PLS  test  is  sufficiently  simple  and  rapid  to  be  performed 
conveniently  in  the  field.   Further  experience  in  the  use  of  this  point 
load  strength  test  will  aid  the  prediction  of  shale  degradability. 
Increased  prediction  capabilities  could  ultimately  lead  to  the  inprove- 
ment  of  procedures  and  specifications  for  compacted  shale  embankments. 
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6.   C0NCLUSIO?;S  Aim  RECOM?'*ENnATIO:iS 

The  following  conclusions  and  recommendations  are  based  on  the 
results  of  the  compaction  and  degradation  studies  for  three  Indiana 
shales. 

6.1  Conclusions 
Cl)   Both  the  impact  and  static  compaction  procedures  developed  in  this 
study  are  suitable  as  a  compaction  -  degradation  test.   However,  past 
experience,  simplicity,  and  equipment  availability  favor  the  impact 
test.   Also  the  aggregate  movement  which  occurred  during  impact  com- 
paction was  considered  to  be  more  reflective  of  field  compaction  be- 
havior than  the  more  confined  conditions  in  the  static  test.   Therefore, 
the  impact  compaction  procedure  using  the  790  kM/m/m   (16,500  ft-lb/ft"^) 
effort  level  is  suggested  for  the  standard  compaction  -  degradation 
test. 

C2)   Limitations  on  degradation  during  impact  or  static  compaction  were 
not  observed  for  the  range  of  compactive  efforts  used  in  this  study. 
The  density  curves  for  both  impact  and  static  compaction  did  show  a 
tendency  to  be  asymptotic  at  the  higher  levels  of  compactive  effort. 
Although  no  actual  limiting  values  were  observed  in  this  testing  program, 
Bailey's  (1976)  conclusions  that  degradation  and  densif ication  are  self- 
limiting  processes  appear  to  be  valid. 

(3)   The  volume  of  voids  of  the  compacted  samples  '.ras  nearly  identical 
for  a  given  effort  level.   However,  the  different  final  gradations  for 
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each  shale  Indicated  that  the  distribution  of  pore  sizes  nakln?  up  the 
total  void  volume  was  different  for  each  shale.   Therefore,  a  measure 
of  the  final  gradation  could  serve  as  an  indicator  of  the  pore  size 
distribution.   Also  a  conjugate  distribution  of  solid  sizes  could  be 
readily  obtained  from  the  aggregate  size  distribution. 
C4)   The  measurement  of  compactive  work  in  the  static  corapactlon  tests 
resulted  in  a  linear  relationship  between  density  and  work.   In  the 
relationship,  limiting  values  of  conpactive  work  and  density  are  reached 
simultaneously.   The  results  fron  the  static  tests  indicate  that  the 
compactive  work  term  is  a  nore  realistic  expression  of  compactive  effort 
than  the  nominal  compactive  energy  terms  currently  used. 
C5)   The  analysis  of  initial  gradation  indicates  that  for  a  given  con- 
pactive effort,  the  degradation  decreases  and  the  density  increases  as 
the  initial  sample  gradation  bocones  more  well-graded  Cincreasing  co- 
efficient of  uniformity  D,-/n, .) . 

60   IC 

(6)   The  effect  of  maximum  aggregate  size  was  analyzed  by  using  initial 
gradations  with  the  same  exponential  cumulative  distribution  curves  but 
different  maximum  sizes.   The  results  showed  that  degradation  increased 
as  the  maximum  aggregate  size  increased.   Also,  the  range  in  the  Index 
of  Crushing  values  for  the  smallest  size  gradations  was  less  than  for 
the  largest  size  gradations.   The  greater  distinction  among  the  degrad- 
ation of  the  shales  observed  for  the  larger  maxinura  sizes  emphasizes 
the  Importance  of  using  samples  with  aggregate  sizes  as  large  as 
possible  for  laboratory  testing. 

The  effect  of  the  maximum  size  on  the  density  was  not  well 
established.   The  differences  in  the  densities  for  the  three  gradations 
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were  small  and  d canon st rated  no  general  trend.   A  nore  pronounced  effect 
on  density  may  have  been  observed  at  a  higher  corapactlve  effort. 
(7)   The  addition  of  water  to  the  scales  led  to  the  increased  degrada- 
tion for  a  given  compactlve  effort  through  slaking  and  material  strength 
reduction.   The  extent  of  the  moisture  effect  on  a  shale  vill  depend  on 
the  physical  properties  of  the  shale  such  as  the  magnitude  and  distribu- 
tion of  porosity,   the  mlneralogical  composition,  and  the  durability. 
Both  degradation  and  density  will  increase  with  Increasing  moisture  con- 
tent up  to  a  limiting  value.   Beyond  this  point,  additional  moisture 
leads  to  entrapped  air  voids.   The  occluded  air  voids  cushion  the 
aggregates  leading  to  reduced  degradation  and  prevention  of  further  densi- 
fication. 

(8)  The  standard  impact  test  may  be  used  successfully  to  classify  the 
degradabllity  of  shales.   The  partial  A  gradation  (Section  5.1.3)  is 
recommended  to  simplify  the  test  and  to  place  a  greater  emphasis  on  the 
degradation  of  the  larger  aggregate  sizes.  Modifications  in  the 
standard  Impact  test  as  a  degradabllity  index  test  nay  become  necessary 
as  more  experience  is  gained. 

(9)  Results  from  the  point  load  strength  tests  Indicate  that  the  com- 
monly  used  P/D"  index  is  not  a  sufficient  indicator  of  shale  degradabll- 
ity.  However,  the  secant  modulus  from  this  study  provided  a  good  correlation 
with  degradation  values  and  led  to  the  formation  of  a  reasonable  pre- 
diction equation  for  the  Index  of  Crushing. 

The  point  load  test  is  sufficiently  simple  and  rapid  to  be 
performed  conveniently  in  the  field.   Despite  the  problems  involved  in 
testing  shales.  Increased  experience  and  prediction  capabilities  from 
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the  point  load  test  could  ultimately  lead  to  the  improvement  of 
procedures  and  specifications  for  compacted  shale  embankments. 

In  final  suniraation,  the  suggested  standard  Impact  compaction  - 
degradation  test  developed  in  this  study  meets  the  guidelines  established 
in  the  testing  program  and  may  be  successfully  applied  to  the  study  of 
shale  compaction  and  degradation  behavior.   The  effects  of  Initial 
gradation  and  maximum  aggregate  size  on  shale  degradation  are  similar  to 
the  effects  of  these  variables  on  highway  aggregates.   In  this  light, 
previous  experience  in  the  characteristics  of  highway  mineral  aggregates 
may  be  used  as  qualitative  guidelines  for  understanding  shale  degradation 
behavior.   The  effect  of  moisture  on  shale  is  complex  and  depends  on  many 
different  variables.   In  the  laboratory,  the  addition  of  moisture  does 
increase  the  degradation  and  density  of  the  laboratory  samples.   In  the 
field,  there  are  problems  of  large  aggregates,  inadequate  mixing,  and 
inadequate  curing.   These  limit  the  effectiveness  of  moisture  in  field 
compaction,  although  moisture  addition  in  general  is  helpful.   Finally, 
the  ability  to  classify  shale  degradability  from  the  standard  impact  test 
or  the  point  load  strength  test  could  ultimately  lead  to  improved  and 
more  efficient  design  and  construction  procedures  for  building  compacted 
shale  enbankments. 

6.2   Recominendat  ions 
The  following  recommendations  are  based  on  the  conclusions  of 
this  study. 

(1)   Establish  experience  in  the  use  of  the  suggested  standard  impact 
compaction  -  degradation  test  and  increase  the  present  knowledge  of  shale 
behavior  by  incorporating  the  test  into  a  routine  shale  testing  program. 
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(2)  Establis!i  correlations  between  the  laboratory  test  results  and 
observations  of  slialc  behavior  rlurlns  conr.traction  and  in-service 
conditions . 

(3)  Improve  de.<5radabillty  prcHction  capabilities  by  correlating  the 
results  from  tbc  suggested  standard  impact  compaction  -  degradation  test 
and  point  load  strength  test  with  shale  degradation  during  field 
compaction.   ,\lso,  evaluate  the  relationship  presented  in  this  study 
between  desradation  and  the  point  load  test  as  information  froin  more  shale 
types  becomes  available. 

C4)   Continue  investigations  of  the  size  effect  in  point  load  testing 
and  establish  a  correction  procedure. 

C5)   Evaluate  the  relationship  between  the  pore  size  distribution,  solid 
size  distribution,  and  degradation  values  of  conipacted  shale  sar.ples. 
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